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ABSTRACT 
        Noise Cancelled Optical Receivers in Fiber Optic Hydrophone up to 100MHz? 
Karthik Srinivasan 
Afshin S. Daryoush, PhD. 
 
The shift to high frequency ultrasound has necessitated the usage of hydrophones 
with a high bandwidth up to 100MHz. The fiber optic hydrophone is considered as an 
attractive low cost solution by taking advantage of the broadband associated with small 
(<10μm) sensitive core diameter of the single mode optical fibers resulting in a reduced 
spatial averaging corrections required for the conventional hydrophones. However, the 
sensitivity of the fiber optic hydrophone (-274 dB re 1 V/µPa) is found to be 6-8 dB 
lower compared to a conventional piezo-electric hydrophone (-266 to -268 dB re 1 
V/µPa). An increase in sensitivity can be achieved by increasing the optical power level. 
However, the increase in signal level is accompanied with a proportional increase in 
noise power in a RIN noise dominated system (i.e., an increase in 2 dB in the signal and 
the noise level is observed for every dB increase in optical power). 
The goal of this work is the implementation of balanced detection which is proven 
to be useful in canceling out common mode relative intensity noise (RIN) and hence 
making the system shot noise dominated, ensuring a SNR increase in 1 dB for every dB 
increase in optical power. This increase in SNR with increasing optical power provides 
an opportunity to improve the sensitivity of the fiber optic hydrophone without 
sacrificing the minimum detectable pressure. This work also presents a detailed analysis 
of SNR indicating that a noise cancellation of around 15 dB along with a 3 dB signal 
 
  
xii
improvement is possible in the ideal balanced detection. The analysis has also considered 
the dependence of the achieved signal to noise ratio (SNR) due to imperfections, such as 
reduced coherency between two arms of balanced optical receivers, and amplitude/phase 
imbalance of optical receivers. 
The primary goal of this thesis is achieved by demonstrating noise cancellation 
using three different approaches for out-of-phase combination of the received signals: a 
broadband balun with excellent amplitude (better than 0.1 dB) and phase imbalance 
(better than 1 degree), a differential amplifier with a gain of 25 dB over a 100 MHz 
bandwidth, and finally a commercially available optical receiver implemented with 
matching anti-parallel photodiodes. Characterization of the realized circuits using balun 
and the differential amplifier indicates a Common Mode Rejection Ratio (CMRR) of at 
least 45 dB and 16 dB respectively. The CMRR of the anti-parallel photodiodes is 
specified to be at least 35 dB by manufacturer. 
Optical hydrophone using single mode optical fiber has been realized and a noise 
cancellation of 11 dB was achieved. The noise cancellation was found to be highest (12 
dB) in the case of the balun as opposed to 9 dB in the case of the anti-parallel 
photodiodes and 8 dB in the case of the differential amplifier. This is justified by 
variation in CMRR for the different receivers. A 10 dB improvement in the SNR for a 
balanced optical receiver over a single ended receiver is achieved in the fiber optic 
hydrophone system. Amplitude balance has been achieved by adjusting the optical power 
with attenuator to balance two arms of the optical receivers.  Phase balance is achieved 
by varying the bias current of the laser. 
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Chapter 1: Introduction 
 
Ultrasound imaging is emerging to be the most prominent non-invasive imaging 
modality because it does not subscribe to harmful ionizing radiations. Majority of 
clinically relevant ultrasound imaging devices operate in the frequency range from 1-15 
MHz. The Food and Drug Administration (FDA) requires the use of ultrasound 
hydrophone probes used in these applications be calibrated up to eight times the center 
frequency in order to account for the non-linearities in a pressure time waveform caused 
by the nonlinearity of the medium in which the wave is launched.  
In order to satisfy this requirement, calibration techniques up to a frequency of 
100 MHz have been developed [1]. It is also important to note that the shift to higher 
frequencies may result in decreased beam size of the acoustic energy incident on the 
active area of the hydrophone. When the active area of the hydrophone is larger than the 
beam size of the incident pressure, a portion of the signal is lost due to spatial averaging. 
To eliminate the effects of spatial averaging, the hydrophones should be able to sample 
the field with at least half-wavelength resolution. At 100 MHz such resolution in water 
would require an active aperture area of the order of 7 µm. The smallest diameter for the 
commercially available hydrophone is about 40 µm. Single mode fibers, available at 10 
µm, satisfy this requirement of small aperture diameter. The fiber optic hydrophone also 
promises to be a more cost-effective solution with shorter procurement times. 
Figure 1-1 shows the implementation of a single ended fiber optic hydrophone 
(FOHP). After amplification by a power amplifier, the electrical signal with a maximum 
pulsed power level of 100 W for 25% duty cycles is provided to a one-element acoustic 
transducer (Sonic Concepts H110AS/N 01). The transducer converts it to a pressure 
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wave, which is incident on the sensor (optical fiber) tip. This causes a change in the 
reflectance of the light produced by a 1550nm Distributed Feedback (DFB) Laser. The 
light from the laser is amplified by an EDFA and the amplified signal is provided to a 
single mode 3dB (50-50) directional coupler. The other arm of the fiber is used as a 
reference arm and is immersed in water. The reflected signal from the sensor tip is given 
to a wideband amplified detector (Thor Labs PDA 10CF) with a responsivity of 0.95A/W 
at 1550nm and signal bandwidth of 150 MHz. It has trans-impedance gain of 5 kΩ and 
noise equivalent power of 12pW/(Hz)1/2. The output of the receiver is connected to a 500 
kHz high pass filter, discussed in Appendix II, to eliminate spurious low frequency 
components due to the vibration of the sensor tip. The position of the acoustic source and 
optical hydrophone are controlled by a precision scanning system from Onda 
Corporation. The power outlets are all connected to an in-line filter which ensures 
shielding from electromagnetic interferences. Appendix I provides a list of all the 
components used. 
The two main figures of merit for a hydrophone are its sensitivity and its 
minimum detectable pressure. The sensitivity which is expressed in dB re 1 V/µPa acts as 
the transfer function of the hydrophone and indicates the electrical signal that would be 
produced with respect to the incident pressure. The sensitivity in the fiber optic 
hydrophone can be improved by increasing the amount of reflected light energy. This can 
be achieved by either increasing the input optical power, or by using unconventional fiber 
optic sensors such as gold coated fiber [2]. However, increasing the reflected optical 
power leads to a proportional increase in the noise floor that causes an undesirable 
increase in the value of minimum detectable pressure. 
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The requirement of obtaining a low minimum detectable pressure while 
increasing the sensitivity, which is the primary objective of this thesis, can be achieved 
by using balanced detection to cancel the correlated, source dependant relative intensity 
noise. The various methods of implementing the balanced detection along with a detailed 
account of its various sub-components are discussed in chapter 2. Through the 
background provided by chapter 2 it is evident that while noise cancellation can be 
obtained through differential detection, simultaneous sensitivity improvement in the 
FOHP can be achieved only using the homodyne balanced detection technique due to 
lack of flexibility in the phase of the pressure signal. It has been analytically shown in 
Chapter 3 that when using homodyne detection, the DC signals are in phase at the output 
of the coupler while the RF components are out-of-phase. The differential detection for 
noise cancellation is also analyzed in chapter 3. The next stage involves out-of-phase of 
combination of the signals which results in cancellation of the in phase noise signal and 
constructive combination of the out-of-phase RF signals. The practical imperfections of 
these combiners are modeled in chapter 3. The design, realization and full 
characterization of the balun and differential amplifier which act as out-of-phase 
combiners is dealt with in chapter 4. The implementation of these out-of-phase combiners 
in the FOHP system to achieve noise cancellation through differential detection is 
discussed in chapter 4. Chapter 5 provides the summary of the results and suggests 
improvements for future receiver implementation. 
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Figure 1- 1: Single-ended Fiber-optic hydrophone setup 
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                  Chapter 2: Literature Review  
 
2.1 Introduction 
 
 
The two commonly discussed photodetection techniques are direct detection 
technique and coherent detection technique. Direct detection is based on intensity 
modulation while coherent detection technique is based on phase modulation. The 
implementation of the fiber optic hydrophone as discussed in chapter 1 is based on 
intensity modulation.  
The focus of this chapter is to provide the background required for the design of 
balanced receivers which can be used to cancel common mode intensity noise. In order to 
realize the balanced receiver it is necessary to fully understand the sub-components that 
are involved in the receiver design. The optical detectors are the first stage of any 
receiver and have been discussed in detail. The balun and the op-amp which are 
components that provide out-of-phase combination required to cancel the common mode 
noise are then discussed. This is followed by a detailed discussion of various noise 
sources that are present in the optical receiver. The various receiver configurations are 
then explored followed finally by a detailed account of the various methods by which the 
balance detection technique has been implemented in published literature. 
Finally, the goals of the thesis are listed and it is evident that these goals can be 
achieved through the background provided in this chapter. 
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2.2 Optical Detectors 
 
2.2.1 Introduction  
A good understanding of photodetectors is extremely important in the design of 
optical receivers because it converts the received optical signal into an electrical signal 
and hence, forms the first stage in the construction of the optical receiver. There are 
generally three steps involved in the photodetection process: (1) absorption of optical 
energy, (2) transportation of the photogenerated carriers with or without gain across the 
absorption and/or transit region and, (3) carrier collection and generation of photocurrent 
which flows through the external circuitry.  
2.2.2 Types of detectors 
The photodetectors are classified into 2 broad classes, as shown in Table 2-1 
(from[3]), based on the handling of the received power. They are: 
Single element photodetectors which yield an output power proportional to the 
total (or integral) power collected by the active area. 
Image photodetectors with an active area physically or virtually divided in a 
string (1-D) or array (2-D) of individual elements, called pixels, whose signals can be 
properly organized to be readable at the electrical output port.  
Photodetectors are also classified based on the type of optical to electrical 
conversion effect. The photoelectric effect, explained in the next section, is a 
phenomenon by which a photon is absorbed by a material with the release of an electron-
hole pair. If the generated electron-hole pair is emitted out of the material, becoming 
available for collection or multiplication, the device is called photoemission or external 
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photoelectric device. However, if the electron-hole pair is not emitted out of the material 
and is available for current circulation in the external circuit, the device is called internal 
photoelectric device. 
External photoelectric devices have higher sensitivity because of the fact that 
photoelectrons can be singled out and separated from non-photogenerated electrons and 
hence minimizing dark current. In addition, the emitted electron can be multiplied by 
other electrodes with little added noise. However, due to the dependence on vacuum tube 
technology, they are fragile and require high-bias voltages. Hence, the internal 
photodetectors which are solid state components are more prominent and will be the 
focus in subsequent sections. Commonly used photodetectors from a biological 
perspective have been reviewed in [4]. 
 
Table 2- 1: Summary of Photodetectors as represented in [3] 
 Wavelength Range (in μ m) Single Element Image 
External 
photoelectric 
devices 
0.1μ m -1 μ m Vacuum photodiode 
Gas photodiode 
Photomultiplier 
Pick up tubes, 
image 
intensifiers and 
converters 
Internal 
photoelectric 
devices 
0.1μ m -10 μ m 
 Photodiode(semiconductor 
and avalanche) , 
phototransistor, 
photoconductor 
 
CCDs 
 
 
 
Vidicon 
 
Thermal detectors 
0.1μ m -1000 μ m Thermocouple 
Thermistor, pyroelectric 
Uncooled IR 
FPA vidicon 
Weak interaction 
detectors 
 Photon drag, Golay cell, Photoelectromagentic point 
contact diode 
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Among the internal photodetectors it has been reported in [5] that photodiodes are 
superior to phototransistors in terms of responsivity, noise equivalent power and dynamic 
range. Some of these terms are defined in section 2.2.4 for better understanding.  
2.2.3 Optical Detection Principle 
The basic working principle of internal photodetectors, illustrated in Fig. 2-1 
(from [6]), shows a reverse biased p-n junction. The electric field developed across this 
junction sweeps the mobile carriers to their respective majority sides creating a depletion 
region as indicated in Fig. 2-1 (b). This barrier is instrumental in stopping majority 
carriers from crossing the junction in the opposite side of the field. However, minority 
carriers from the both sides are excited to the opposite side of the junction forming the 
reverse leakage current of the diode which is called the dark current, , of the 
photodetector.  Thus intrinsic conditions are created in the depletion region. 
di
 
 
Eg
Ec
Ev
electron
hole
hf>Eg
Ec
Ev
p n
Depletion
region
p n
Ef
hf
- +
(a)
(b)
(c)
 
 
 
 
 
 
 
 
 
 
 
 
 
    Figure 2- 1: Operation of a PN Photodiode as illustrated in [6] 
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A photon incident near or in the depletion region of this device which has energy 
greater than or equal to the bandgap energy Eg will excite an electron from the valence 
band to the conduction band leaving behind an empty state which is referred to as a hole 
as shown in Fig 2-1 (a). This phenomenon is called the photo-generation of an electron-
hole (carrier) pair. These carrier pairs are swept (drift) under the influence of the electric 
field to produce a displacement current also known as the photocurrent, , in addition to 
the dark current. The amount of light incident on the depletion region increases with 
increase in thickness which leads to increased carrier pair generation and hence increased 
sensitivity. However, with increasing the thickness of the depletion region the speed of 
response would reduce and hence a tradeoff based on the application should be made. 
PI
2.2.4 Definition of standard parameters 
This section is dedicated to the explicit definitions of some of the standard terms 
that indicate the figure of merit of the detector. 
Quantum Efficiency )(η is the ratio of the number of electrons collected to the 
number of photons that are incident. If an electron-hole pair is produced for every 
incident photon then the quantum efficiency would be 100%. The quantum efficiency 
depends on absorption coefficient of the semiconductor material that is used.  
Responsivity (R) is the ratio of the photocurrent generated to the incident optical 
power. It acts as the transfer function of a photodetector. 
o
P
P
IR = (A/W)          (2-1) 
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Where, - Photo current (in Amperes) PI
  - Optical power (in Watts) oP
Equation (2-1) shows that for every Watt of optical power there is an Ampere of 
electric current (assuming R =1), which implies that for x Watt of optical power there is 
x2 Watt of electrical power (  and =  when R = 1). This indicates that for 
every dB variation of optical power ( ) electrical power ( ) will vary by 2 dB. 
RIP PI
2=
oP
PI oP
EP
Responsivity and quantum efficiency can be related by using the equation 
hf
qR η=          (2-2) 
λ
puf =             (2-3)  
pu = 
r
c
ε                           
Where
(2-4) 
, - Charge of an electron – 1.6*10-19 C 
 
/s)  
 c - Velocity of light – 3*108 m/s 
 q
h – Planck’s Constant – 6.67*10-34 J/s 
f - Frequency (Hz) 
pu - phase velocity (m
rε  - Relative permittivity of the material 
As it ca , responsivity depends on the 
wavele
definitive wavelength range. 
n be seen from the above equations
ngth. This is because of the fact that different materials have different absorption 
coefficient at different wavelengths. Hence responsivity is always specified over a 
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Noise equivalent power (NEP) can be defined as the minimum optical power to 
produce a signal that can be detected in the electrical domain. It is the value of Po which 
pro
er frequency 
of 
 have been reported in [8] of having a 
resp
over the efficiency of a conventional detector. A f3dB 
bandwidth of 11.2 GHz has been reported. 
duces an output SNR of unity. It is inversely proportional to sensitivity.  
The figures of merit discussed above vary greatly based on the method of fabrication. 
Vertical p-i-n detectors with highly doped InGaAs basis layer of f3dB corn
up to 120 GHz have been reported in [7] .A table comparing vertical, waveguide 
(lateral), traveling wave and UTC (uni-travelling carrier) PIN diodes has been listed in 
[7]. This table indicates that UTC is reported to have the highest f3dB bandwidth (152 
GHz) but it has low responsivity (0.13 A/W). Vertical structure is comparable in 
bandwidth (120 GHz) to both UTC and traveling wave and it has higher responsivity 
(<0.16 A/W). Waveguide structure offers the highest responsivity (0.7 A/W) but the 
bandwidth (>50 GHz) is not as high as the other reported structures. The traveling wave 
structure offers the best trade off between responsivity (0.6 A/W) and bandwidth 
(110GHz) among all the reported structures. 
Monolithically integrated structures of optical preamplifier with traveling wave 
operation and waveguide p-i-n photodiode
onsivity of 89 A/W and a bandwidth of 33.5 GHz which combine to give a 
bandwidth efficiency product of 2.4 THz at 1550 nm. The active layer and the waveguide 
layer are made using InGaAsP. 
GaAs based resonant cavity enhanced p-i-n photodiodes have been reported [9] with 
an enhancement factor of 7.5 
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GaAs waveguide photodetectors with integrated photon multiplication have been 
reported in [10] to provide a quantum efficiency of 700%. The device design 
vertically combines a bulk photodetector ridge wave guide region with laterally 
con
m dots exhibit higher responsivity and 
hen
ed through the integration of these technologies.  
2.3 BALUN 
BALUN is a passive device that converts an unbalanced input signal to balanced 
output signal or vice versa. It can also be used to provide DC isolation, to convert single 
o balanced output and impedance matching as shown in [12]. Baluns have 
found t
fined quantum wells for amplification.   
There has also been work described in [11] comparing the dark current, 
responsivity and detectivity in different intersubband infrared photodetectors. [11] 
concludes that quantum wires and quantu
ce, higher dark current than quantum wells. Quantum wires and quantum dots 
based on low density arrays have lower detectivity than quantum wells, however, 
extremely dense arrays of quantum wires and quantum dots have higher detectivity 
than quantum wells. 
From the above discussion, it is clear that the figures of merit of the photodetector 
depend on the various fabrication technologies and the enhancement of these figures 
of merit can be obtain
ended input t
heir applications in antennas, audio and video receiver systems and other systems 
where precession power division is required. 
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2.3.1 Types of baluns 
Baluns are classified into four types as shown in [13]. Type I has a 4/λ sleeve 
(shorted at the base) which ideally presents infinite impedance at the top. Type II has two 
type I’s in series providing more bandwidth and load balance at all frequencies. Type III 
is a more compact form where the inner conductors form a two conductor 4/λ line 
shorted at the base and providing infinite impedance at the top. The fourth type is called 
the choke transformer where a coaxial cable is wound into a coil to produce high 
impedance on the outside of the coil. The coil and its capacitance C form a parallel LC 
circuit that resonates at the operating frequency. A ferrite bead choke with cylindrical 
ferrite beads can also be used to achieve high bandwidths. A variety of baluns are 
discussed in detail in [13]. The design of transmission line baluns for medium power 
applications is discussed in [14]. The configuration that has been used in the receiver 
implementation in chapter 4 follows a type IV balun and is shown below in figure 2-2. 
The balun is presented as a 1:1 center tap transformer where the grounding of the center 
tap ensures that the input signal provided at 5 in figure 2-2 is split into two equal and out-
of-phase signals at outputs 1 and 3 with 1 being the in-phase signal and 3 being the out of 
phase signal. 
 
 
Figure 2- 2:  Balun in the form of a 1:1 center tap transformer 
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2.3.2 Balun Characteristics  
Amplitude Balance: A balun can be configured to obtain excellent amplitude 
balance better than 0.1 dB and hence ensuring precise splitting ratios.  
Phase balance: A balun which has a grounded center tap can be used to provide 
differential outputs. Precise phase balance (better than 1 degree) can be obtained for well 
designed baluns. 
Various measurement techniques for the amplitude and phase balance for 1:N 
transformers are discussed in [15] . 
The balun can also be used as an out-of-phase combiner by using the differential 
outputs as inputs. It is found that when a common mode signal is provided to the balance 
it provides a high CMRR. 
The ideal frequency characteristics of a balun is affected by inherent parasitics as 
explained in [15]. The figure 2-3 shown below is for a conventional transformer. The 
same parasitics are applicable in the case of the balun which is implemented as a center 
tap transformer. L1 and L2 indicated in the figure 2-3 are primary and secondary leakage 
inductances. C1 and C2 are the capacitances for each of the coils also known as intra-
winding capacitances. C is called the inter-winding capacitance and it refers to the 
parasitic capacitance with respect to the separation between the two coils. R1 and R2 refer 
to the ohmic losses in the primary and secondary windings. Lp is the magnetizing 
inductance which affects the low frequency characteristics of the balun. Rc represents the 
core loss. 
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                            Figure 2- 3: Transformer Parasitics as shown in [15] 
 
2.4 Operational Amplifier 
Operational amplifiers (Op-amps) are versatile devices that are used for 
amplification and in performing various mathematical operations. Op-amps are also 
commonly used as trans-impedance amplifiers in photoreceivers. Practically used 
parameters, the knowledge of which would ensure appropriate choice of op-amp, are 
defined below. This is followed by a discussion on the gain and stability of the op-amp. 
2.4.1 Definition of standard parameters 
Open Loop voltage gain indicates the increase in the amplitude of the rail to rail 
voltage with respect to the input. It is called open loop because, it represents the gain 
when no feedback is provided to the op-amp (see figure 2-4). 
                                  
-
+
Av
Vo
V1
 
   
         
 
 
    Figure 2- 4: Open Loop gain of Op-amp 
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The open loop voltage gain is given as 
 
1V
VA ov =  
 
This value is usually very high because it drastically reduces when feedback is 
introduced to obtain the required trade offs between gain, stability, bandwidth and noise. 
Gain Bandwidth Product, fT represents the frequency at which the gain of the 
transistor is 1. It is a product of the 3 dB bandwidth and the open loop gain of the device. 
It depends on the transit time from the emitter to the collector in the transistor. Devices 
which have lower transit times will have higher fT.  
 
 
                           Figure 2- 5: Cut-off frequency (gain-bandwidth product) 
 
Slew rate, SR is defined as the rate at which the output voltage changes with 
respect to time for a step change in the input voltage.  The slew rate and fT are related by 
the equation, 
 
tageoutput volpeak  2π
SRfT =       (2.5) 
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From equation (2.5) it can be seen that there exists a trade off between speed and 
gain. It is also evident that fT is proportional to the slew rate.  
Input offset voltage is the voltage that should be applied between the two 
terminals in order to get a null at the output. This indicates the voltage that should be 
applied to the op-amp in addition to the specified voltage. 
Input offset current is the algebraic difference between the currents into the 
inverting and non inverting terminals. 
Common mode rejection ratio (CMRR) indicates the extent to which the common 
input signal to the op-amp is rejected. It is defined as the ratio of differential mode gain 
(Ad) over common mode gain (Ac). It is an extremely important figure of merit which 
indicates the ability of the op-amp to operate in the differential mode. 
c
d
A
ACMRR =          (2.6) 
Ad is usually a pretty high value (Ad>30 dB) while Ac is a very low value (4 
dB<Ac<-30 dB) and hence CMRR is a high value (approx. 60 dB). The above parameters 
are the most commonly used parameters. Other practical parameters have been defined in 
[Chapter11, [16]]. 
2.4.2 Basic Op-Amp Configurations  
The Table 2-2 shown below summarizes the basic op-amp configurations which 
are relevant in the design of photoreceivers.  
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Table 2- 2: Op-amp configurations 
Configuration Schematic 
Ideal Gain 
(Assuming 
∞=vA ) 
Gain 
(Av as a finite value) 
Inverting 
Amplifier 
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2.4.3 Stability of Op-Amp 
The kind of feedback that is provided would affect the stability of the op-amp. 
Conventionally, positive feedback is used for producing a waveform while negative 
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feedback can be used to control the waveform. If positive feedback is not DC coupled at 
the input then it would cause oscillation at a frequency when 1−=βvA .  
It is known that, 
For a non inverting op-amp,  
v
v
i
o
A
A
V
V
β+= 1       (2.7) 
For an inverting amplifier, 
( )
v
v
i
o
A
A
V
V
β
β
+
−=
1
1
     (2.8) 
From the equations for gain for non-ideal values shown in Table 2-2, we can 
obtain the loop gain in terms of the impedances which are used in the design of the op-
amp. Instability in an op-amp can be corrected for using lead, lag or lead-lag networks 
depending on the gain and phase margins [17]. However, most op-amps, are internally 
compensated. It should be noted that this internal compensation does not imply un-
conditional stability. As discussed in detail in [17], there are seven causes for instability 
which are: 
(i) Not making use of the compensation recommended in the data sheet. 
(ii) Low closed loop gain for the type of compensation used. 
(iii) Excessive capacitive load on op-amp. 
(iv) Incorrect phase lead/lag in feedback network. 
(v) Excessive resistance between ground and op-amp positive input. 
(vi) Excessive stray capacitance between op-amp output and balance 
terminals. 
(vii) Inadequate power supply by passing. 
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2.5 Noise  
Noise is defined in [18] as any unwanted disturbance that obscures or interferes 
with a signal. A comprehensive understanding of noise is crucial to design as it sets the 
lower limits of accuracy for any given system. The random nature of noise makes it 
impossible to predict its value at any given instant. Noise is therefore characterized as a 
random variable [as described in chapter 1 of [19]] and can be determined by its 
averages. The most important averages are the mean value X and the mean square value 
or the variance 2X . The mean value tends to be zero in most cases and hence, the 
variance is used to characterize noise. Noise can be classified into five main sources in a 
semiconductor [20]: 
(i) Shot noise is caused by random emission of electrons or photons, or the 
random passage of carriers across potential barriers. It is given by the 
expression BqII DCsh 2=  , where  
q = charge of an electron = 1.6x10-19 Coulombs  
DCI - Direct Current, Amperes 
B – System bandwidth, Hz 
(ii) Thermal noise is usually caused by the random collision of carriers in the 
lattice, but generally found in condition of thermal equilibrium. It defines the 
noise floor of the system and is given by the expression kTRBIt 4=  , where 
k = Boltzman’s constant – 1.38x10-23 J/K 
T - Temperature of conductor, in Kelvins 
R1 – Resistance of conductor, Ohms 
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(iii) Flicker noise also called 
f
1 noise, is a low frequency effect that is caused due 
to the generation of carrier charges at the boundaries of the semi conductor 
material. The noise power typically follows a αf/1 characteristic where α is 
usually unity but tends to take values from 0.8 to 1.3. 
(iv) Burst noise, also called popcorn noise, is caused due to imperfections in the 
semiconductor and heavy ion implants.  
(v) Avalanche noise is caused when a p-n junction is operating in the reverse 
breakdown mode. Under the influence of a strong electric field within the 
depletion region, electrons have enough kinetic energy that when they collide 
with atoms of the crystal lattice additional electron hole pairs are formed. 
These collisions are purely random and produce random current pulses similar 
to shot noise but with higher intensity. 
The variation of these sources of noise in various semiconductor devices have been 
indicated in [20]. 
An extremely important noise component which is dependent on the laser source is 
the Relative Intensity Noise (RIN) which is defined as the ratio of the mean square noise 
power to the mean power squared. In the frequency domain this is given by  
( ) ( )
DC
RIN
I
I
RIN 2
2 ωω =          (2.9) 
Therefore,         (2.10) BRINII DCRIN
22 =
From equation (2.10) it can be seen that varies as 2dB/dB change in optical 
power which is indicative of its dependence on the laser source  
RINI
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According to [21], taking into account the fact that RIN is shot noise limited, we 
get:  
BqIBRINII DCDCRIN 2
22 −=   
so if RIN = 0 then  is shot noise limited. RINI
RIN is a datasheet value which is laser specific and is presented for a given 
frequency range but it can also be approximated as 
OPT
QL P
hRIN ν2= (Hz-1) where  is 
optical power and
OPTP
PHOTONEh =ν . A more mathematically involved analysis representing 
the RIN for a semiconductor laser using rate equations and taking into consideration 
Langevin noise terms is indicated in pages 89-92 of [22]. The characterization of RIN 
with respect to frequency and laser bias current is shown in section 4.6 of this document. 
2.5.1 Standard Noise parameters  
Proper understanding of some of the commonly used terms is necessary before 
analysis. Noise Factor is defined as, 
o
i
SNR
SNR
F =  and the Noise Figure is defined as N.F =  dB               (2.11) )log(10 F
It is known that the minimum noise figure is obtained by choosing an optimum 
value for input source resistance R (opt). This value can be theoretically calculated from 
the input noise voltage,  and input noise current, as shown below: ne ni
2
2
)(
n
n
i
eoptR −
−
=  
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This optimum value is different for both FET and BJT because of the fact that the 
noise current for the FET transistor is much less than that of a BJT transistor. The noise 
caused due this input resistance Rs can be found using, 
snrmsnoise RkTBe 4)( =   
There are two types of input noise (1) voltage noise (2) current noise. The most 
convenient way to distinguish between these two parameters is to measure the voltage 
noise using low source impedance, high gain circuit and the current noise using a high 
source impedance and high gain circuit.  
The output voltage and current noises are given by, 
⎥⎦
⎤⎢⎣
⎡ +=
1
21)()(
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Rnoiseenoisee io  
    
2
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Where R1 and R2 are the real parts of the input and feed back impedances Z1 and 
Z2 shown in figure 2-6. 
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Figure 2- 6: Non Inverting Amplifier 
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The output noise will be the sum of both these components but will be dominated 
by the current noise when the input impedance is high. This output noise is given by: 
[ ] ⎥⎦
⎤⎢⎣
⎡ ++=
1
21)()()(
R
RnoiseeRnoiseInoisee isio  
If the value of eo noise is high then it can be considerably reduced by connecting a 
capacitor across R2. However, this would reduce the bandwidth to fc. Where, 
CR
fc
22
1
π=          (2.12) 
Hence, there exists a trade-off between noise and bandwidth which can be chosen 
based on the application. 
2.5.2 Adding noise sources  
Having understood some of the standard parameters, it is necessary to 
mathematically understand the combination of multiple noise sources in a circuit, as 
shown in [18], because of the fact that it will help in understanding the process of noise 
cancellation better. Considering any two noise sources, for example e1 and e2, the average 
mean square voltage across the two resistors is given by, 
[ ] 2122212212 2)( eeeeeetEt γ++=+=       (2.13) 
If e1 and e2 are independent then their average correlation (γ ) is zero and the 
product term disappears. 
2.5.3 Complete Amplifier Noise Model  
A more complete noise model [23] takes into account the correlation between the 
equivalent input voltage noise source and the current noise source, en and in, respectively 
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as shown in figure 2-7. Based on superposition theorem and equivalent circuit noise 
theory, an equation for equivalent input noise spectrum density for an op-amp are applied 
to both inverting and non-inverting input terminals. The op-amp is considered noiseless 
and the equivalent voltage noise source and current noise source are referred back to the 
input terminal. 
          
     Figure 2- 7: Noise model considering correlation 
 
 
The noise model is formed in terms of the noise power spectral densities (i.e., 
 and ) which represent power spectral density for the voltage noise, and 
the current noise, ). The definition of spectral correlation co-efficient (SCC) is given by 
( )fSe ( )fSi
ni
ne
21 γγγ j+=  = ( )( ) )( fSfS
fS
ie
ei        (2.14) 
Where,  
γ  is the complex correlation coefficient between the inverting terminal noise 
voltages en1 and in1, shown in figure 2-7. The correlation coefficient  between the non-
inverting terminal voltages en2 and in2 can be represented in a similar fashion to equation 
2.14.  The correlation coefficient can be any value from  +1 to -1. 
|γ
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Figure 2-8 shown below is a noise equivalent circuit of figure 2-7 which takes 
into consideration impedances that are practically used to design a differential amplifier. 
 
Figure 2- 8: Noise equivalent circuit of differential amplifier as shown in [23] 
 
As shown in [23], the contribution of the inverting input terminal is  
( ) ( ) 2
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2
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22
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And the contribution of the non inverting terminal can be expressed as 
( ) [ ] 2
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The total output noise of the 2 terminals can be represented as  
( ) ( ) ( )ffSfSo ++= '' S   _   
The expression for total output noise referred to the inverting and non inverting 
terminal can be expressed as follows: 
Inverting terminal, ( ) ( )2
1
oS _
Z
Z
ffS
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=  
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= ( ) 21111212212121 1]}Re[2{ ZfZparallelZZieparallelZZiiee fnnffnn +++++ γ + 
[ ] 212*'2222222222 1 }Re2{
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   Equations (2.15) and (2.16) represent a general solution where  cannot 
be calculated independently. It can be seen from [23] that by choosing appropriate values 
of impedances and by measuring the spectral density on the spectrum analyzer for 
different combination of impedances we can obtain the values of ,  and correlation 
coefficient.  
21  and nn ee
ne2nii 2
2.6 Optical receiver configuration  
Having discussed the sub-components that are involved in the design of the 
receiver, we will explore the various optical receiver configurations.  Table 2-3 
summarizes some the basic receiver configurations. Schematics of other useful 
configurations are included in [3]. 
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Table 2- 3: Commonly used receiver configurations 
Low Impendence front end High Impedance front End Transimpedance front end 
• Simplest of all 
configurations. 
• The amplifier input 
resistance and the 
detector resistance 
which are in shunt 
are maintained as low 
values in order to 
ensure optimum 
bandwidth. 
• However, the 
decrease in resistance 
increases the thermal 
noise. 
• Sensitivity is limited. 
• High input resistance 
values for the detector 
resistance and amplifier 
input resistance. 
• Useful in overcoming 
problems of sensitivity 
and low noise but has 
low bandwidth. 
• The output is integrated 
over a large time 
constant and must be 
restored by 
differentiation. This is 
done using an equalizer. 
• Equalization can cause 
significant reduction in 
dynamic range. 
• Overcomes the 
drawbacks of the 
previous two 
configurations by 
providing high input 
impedance at the 
front end with 
negative feedback. 
• The device operates 
as a current mode 
amplifier where the 
high input impedance 
is reduced using 
negative feedback. 
 
 
From table 2-3 it can be seen that the transimpedance front end would be the preferred 
configuration. 
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2.7 Balanced Detection Technique 
By integrating the receivers discussed in the previous section and the out-of-phase 
combiners, baluns (section 2.3) and op-amps (section 2.4), the balanced detection 
technique can be used to cancel common mode noise. However, if it is intended to 
provide signal enhancement along with noise cancellation then the process is a bit more 
complicated and its fundamentals have been summarized below. 
2.7.1 Essentials of Balanced Detection  
There are three main elements in the process of balanced detection are: 
1) Equal split of signals in the optical domain with a RF phase shift of 180 degrees 
which is most often in the optical domain. 
2) Balanced detectors (i.e., Detectors with identical figures of merit). 
3) Microwave out-of-phase combiner which destructively combines the electrical 
signals from the photodetector. Prior to this stage the signals with the RF 
component are phase shifted by 180 degrees whereas the purely optical signals are 
in phase. The microwave out-of-phase combiner cancels out the in-phase optical 
signal (RIN noise) while permitting the RF signal to interfere constructively. This 
is analytically verified in chapter 3. 
2.7.2 Implementation of Balanced Detection  
This section deals with the various methods of implementation that are present in 
published literature. The complete understanding of the material presented in this section 
has prompted the idea for the homodyne detection scheme for signal enhancement.    
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This section is presented by classifying the implementation of balanced detection into 
two categories: 
(i) Phase shift of 180 degrees applied directly to the RF signal in the optical 
domain 
(ii) Phase shift of 180 degrees provided indirectly to the RF signal by means of 
mixing (i.e., Hetero/ Homo-dyning) or taking advantage of the modulation 
format to provide a bipolar signal (i.e., DPSK). 
 (i) Direct 180 degree RF phase shift  
A system level implementation of the balanced detection scheme is presented in 
[24] where the increased dynamic range of the system due to reduced RIN noise is 
pointed out. This method is based on splitting the laser signal into two fibers and 
modulating only one branch with the RF signal as shown in figure 2-9. The importance of 
phase and amplitude balance is emphasized in [24]. The required balance is achieved by 
using equalizers as shown in figure 2-9. A reported value of 20dB noise reduction can be 
observed for an amplitude imbalance is 0.5 dB and for a phase imbalance of 6 degrees 
with respect to the RF signal. 
Ideal balancing of the optical link leads to complete cancellation of RIN. The delay 
difference between the two paths should be small when compared to the RF period and 
not the optical period. When this balance is achieved the first detector is proportional to 
the laser noise while the second is the sum of the laser noise and RF signal. When added 
out-of-phase, the noise cancels out and an AM noise free RF signal is obtained. It should 
be noted that this technique is used to achieve noise cancellation but does not provide 
enhancement in the signal level.  
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Figure 2- 9: Block Diagram of [24] 
 
 
The implementation of a balanced detection scheme where the input from the 
laser source is given to an optical transmit module (as shown in figure 2-10) which has a 
Lithium Niobate (LiBNbO3) Y-fed coupler modulator that provides complementary 
outputs is discussed in [25]. This is the primary difference between this setup and [24] 
which in addition to noise cancellation also provides signal enhancement. The LiBNbO3 
Y-fed modulator with an insertion loss of 2.3 dB was selected. A 5V difference between 
the voltage settings was required to ensure that optical output was fully directed into fiber 
1 and fiber 2. The LiBNbO3 Y-fed coupler modulator ensures that the two optical carriers 
are at all times 180 degree phase shifted with respect to each other. The balanced optical 
receiver was constructed using two PIN PDs which have peak responsivity at 1350 nm 
are pigtailed with two single mode fibers.  The capacitor and inductor closer to the “DC 
reverse bias” act as RF chokes. A DC blocking capacitor is provided in order to remove 
any spurious DC component that might be present. No amplification is discussed in [25] 
 
 32
and the noise figure of 13.5 dB was one of the lowest values reported at its time of 
publication.  
 
Figure 2- 10: System setup of [25] 
 
A cost effective method for the implementation of balanced detection scheme at 
central offices is shown in [26]. Figure 2-11 provides a conceptual explanation of the 
scheme whereby the 180 degrees phase shifted modulating RF signal is given to two 
Mach-Zender Modulators (MZM). This can be seen at points A and A1. The modulated 
optical signal is then converted into an electrical signal using the two balanced 
photodetectors (PD) which are not placed in an anti parallel configuration which as 
discussed in [27] has the following disadvantages: 
(i) Resultant capacitance is doubled because of two anti-parallel photodiodes. 
(ii) Increase in the capacitance leads to an increase in the high-frequency noise 
and a reduction in the bandwidth. 
The optical beat noise at the output of the two PDs is of the same phase; however, the 
signals are phase shifted by 180 degrees. RF phase shifter is used to phase shift the signal 
at B1 by 180 degrees and at B2 the signals are of the same phase whereas the beat noise 
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of the two paths is 180 degrees out-of-phase. This second phase shift is provided due to 
the fact that an in-phase combiner is used to combine the two signals as opposed to an 
out-of- phase combiner that has been discussed in previous cases. The optical beat noise 
was reduced by 10 dB and the peak intensity of the 32QAM signal was increased by 10 
dB. 
 
 
Figure 2- 11-System block diagram of [26] 
 
The various aspects of the design and fabrication of the balanced Velocity 
Matched Distributed Photodetector (VMDP) is discussed in [28-30]. The primary focus 
of  [30] is  the design and realization of the balanced VMDP which consists of two arrays 
of high speed metal-semiconductor-metal photodiodes which are distributed along the 
optical waveguides and 50 coplanar output transmission lines.  Ω
The balanced receiver setup shown in figure 2-12 has a 1542 nm wavelength laser 
operating at 0 dBm output power. The signal is amplified by an EDFA and the output 
from the EDFA is passed through a 2nm band-pass filter.  
The filter output is given to the X coupled MZM, similar to the Y Fed coupler in 
[25] , which produces the two complementary outputs going into the balanced VMDP. A 
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variable delay line has been used to ensure that the RF signals are 180 degrees phase 
shifted with respect to each other. Reduction in RIN cancellation with phase imbalance 
has also been experimentally discussed. By ensuring amplitude balance that is within 2% 
of the balanced VMDP total photocurrent the signal is enhanced by 6 dB and the noise 
floor is reduces by 24 dB. A CMRR of 27 dB is reported. The SNR for the balanced 
receiver is reported to be 30 dB higher than a single ended detector. The diodes have a 
responsivity of 0.6 A/W. 
 
Figure 2- 12: System block diagram for [30]  
 
 
 
(ii) Indirect method of providing 180 degree RF phase shift  
The analytical modeling of a balanced detector using heterodyning is discussed in 
detail in [31, 32]. Heterodyning can be done to achieve the 180 degree phase shift of the 
RF signal in the optical domain. The modeling in [31] is extremely comprehensive and 
takes into account the various factors such as amplitude imbalance, phase imbalance and 
a lossy coupler. It shows a detailed comparison of the improvement of SNR between 
single and balanced detector cases. Experimental results have also been indicated.  
The analytical modeling in [32] follows the discussion in [31], and also represents 
a more detailed noise analysis. The design and practical implementation of the balanced 
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receiver is also discussed in [32]. Figure 2-13 represents the block diagram for the setup 
where a monitored signal source and local oscillator and mixed via the heterodyning 
process. It can be observed that there is no direct component that provides the RF phase 
shift of 180 degrees. The difference in optical path lengths in [32] are less than 0.1 
degree.  
 
 
   
Figure 2- 13- System Block Diagram for [32] 
 
 
 
Intensity noise cancellation of 30 dB of was observed in the frequency range from 
100 MHz to 1.1 GHz.  
A differential detection scheme which has been implemented for a fiber optic 
hydrophone has been indicated in [33]. The hydrophone is designed using a Fabry Perot 
polymer film interferometer. The balanced photodetectors were realized in an anti-
parallel arrangement. The receiver is setup as shown in figure 2-14.  A minimum 
detectable pressure of 0.35kPa as opposed to 2kPa is the case of a conventional 
transimpedance amplifier with a similar setup was reported for a bandwidth of 35 MHz.  
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It should be noted that, as in the case of [24],  the “RF” signal is not phase shifted 
by 180 degrees and hence signal enhancement cannot be achieved. 
 
 
Figure 2- 14: Setup for [33] 
 
 
 
An example of  a monolithically integrated amplified balanced photoreceiver 
configuration for DPSK demodulator is shown in [34]. In this case, the 180 degree 
phase shift in the RF signal is provided by the DPSK modulation scheme itself. The 
balanced receiver was designed using the anti-parallel photodetector arrangement and 
was based on InP, comprising of two waveguide integrated photodiodes and a 
broadband distributed amplifier. The amplifier that was designed is a HEMT based 
traveling wave amplifier. HEMTs are reported in [35] to have the lowest available 
noise of all the transistors. The receiver consists of a DPSK demodulator which based 
on a Mach-Zender Interferometer with a differential delay of 25 ps, the balanced 
detectors and a 40 Gbps BER detector. A transimpedance gain of 40 dB was reported 
for a bandwidth of 50 GHz. They have a DC responsivity of 0.35 A/W per diode. The 
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benefit of the integration over a conventional balanced receiver has been indicated 
[34] by comparing the conversion gain in both cases for the same value of 
responsivity. The conversion gain for a conventional balanced receiver was only 8.75 
V/W as opposed to 35 V/W in the case of the monolithically integrated receiver in 
[34]. 
            
Table 2- 4: Comparison of commercially available balanced receivers. 
 Thor Labs Balanced 
receiver 
Discovery Semiconductor 
receiver 
Input saturation Power 14 dBm 14 dBm 
CMRR 35 dB 30 dB 
NEP 6.9 pW/ Hz  
(6.6 pA/ Hz ) 
17 pA/ Hz  
 
Bandwidth 350 MHz 10 GHz 
 
2.8 Goals of thesis 
In addition to the various balanced receiver implementations that have been discussed 
in section 2.7, table 2-5 summarizes other balanced receivers indicated in literature and 
highlights its novelty in design and implementation. The relevance of the preceding 
sections is justified through the goals of this thesis that are as follows: 
 
• Noise cancellation in a fiber optic hydrophone system using balanced detection. 
This is the primary goal of the thesis. In order to truly understand noise 
cancellation in the system it is necessary to have a detailed analytical model of the 
detection scheme to be implemented in the system. It is also important to 
analytically quantify the noise sources.  
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• Design of various microwave out-of-phase combiners. 
The microwave out-of-phase combiner is paramount to achieving noise 
cancellation. This thesis intends to explore various approaches of out-of-phase 
combination such as balun, differential amplifier and anti-parallel photodiodes 
and compare the cancellation achieved in each of these cases.  
 
• Proposing a scheme for improving the sensitivity of the hydrophone 
A homodyne detection scheme is proposed in this thesis in order to 
increase the sensitivity while providing noise cancellation. Detailed modeling 
which takes into consideration the various constraints such as amplitude 
imbalance, phase imbalance and noise correlation needs to be provided. These 
constraints could arise from various sources which need to be accounted for. 
Based on the constraints, the feasibility of implementation should be ascertained. 
 Table 2- 5: Summary of published literature 
Reference Structural Significance Reported data Application 
[27] 1) Photodiodes are separated and are used 
with independent preamplifiers. 
2) MMIC version of the balanced topology 
using high gate impedance in the 
amplifiers with inductive peaking. 
3) A passive 4th order Tchebychev filter 
was used between 2 and 6 GHz. 
 
1) Transimpedance gain of 45 dB. 
2) Bandwidth of 6 GHz 
3) Equivalent noise density of  
10 pA/ Hz . 
4) CMRR of 12 dB 
The preamplifier was used in a  
1-Gbit/s coherent CPFSK system 
using a delay-and-multiply 
demodulator. 
[34] 1) Anti-parallel photodiodes are used to  
combine two out-of-phase signals. 
2) The amplifier was designed based on a 
HEMT based traveling wave amplifier. 
3) The receiver consists of a DPSK, which 
provides the signals of dual polarity; 
demodulator based on Mach-Zender 
interferometer with a differential delay 
of 25 ps, the balanced detectors and 40 
Gbps BER detectors. 
1) Transimpedance gain of 40 dB. 
2) Bandwidth of 50 GHz. 
3) DC responsivity of 0.35 A/W per 
diode which corresponds to 35 V/W 
because of integrated structure. 
Long haul fiber links utilizing 
DPSK modulation formats. 
[35] 1) Low noise HEMTs’ are used in a  
transimpedance configuration along with 
inductive peaking techniques to provide 
high band width and low noise. Phase 
shift is provided through optical 
heterodyning. 
2) Novel optical coupler based on 3 dB 
coupler design was realized.  
3) Anti-parallel photodetectors were used to 
perform the out-of-phase combining. 
1) 9.4 GHz Bandwidth. 
2) Transimpedance gain of 61 dB. 
3) Averaged equivalent noise current 
density from 2-8 GHz of  
8.7 pA/ Hz . 
4) CMRR of 23 dB 
2.5 Gb/s heterodyne detection 
systems 
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[36] 1) Zeeman laser is passed through a quartz 
cornu depolarizer after a quarter wave 
plate. The light is then fed into a 
polarization beam splitter which splits 
the signal to the photodetectors. 
2) The independent detectors convert the 
optical signal into an electrical signal. 
3) The noise signal is the common mode 
signal going into the amplifier while the 
information signal is the differential 
mode. Hence due to common mode 
rejection the noise is removed. 
 
A sensitivity of 8.5*10-10 which is the 
highest measured sensitivity of the optical 
activity of a quartz crystal. 
 
A novel amplitude sensitive optical 
heterodyne polarimeter used for 
characterization of quartz crystals. 
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Chapter 3: Analytical Modeling 
 
3.1 Introduction 
 
This chapter deals with the analytical modeling of the balanced detection scheme 
in the fiber optic hydrophone (FOHP) system. Noise cancellation can be achieved using 
differential detection scheme as explained in section 2.8 of this document. The 
differential detection does not provide any improvement in sensitivity. In order to 
improve the sensitivity, it is necessary to phase shift the “RF” signal by 180 degrees 
while ensuring that the common mode noise remains in phase. As discussed in section 
2.7.2 of this document, two methods are often used for providing a “RF” phase shift of 
180 degrees. In the case of the hydrophone, the lack of flexibility with the “RF” signal, 
which is the incident pressure, has resulted in choosing homodyning technique as shown 
in figure 3-1 to provide the necessary phase shift. This is in contrast to the heterodyning 
discussed in the literature because only one optical source is used in the FOHP. The 3dB 
coupler is the component that provides the required homodyning. As shown in [31], the 
relative phase difference between the output arms of the coupler is 90 degrees in order to 
ensure that it is lossless. It should be noted that the homodyning technique is extremely 
sensitive and requires a stable system. The differential detection technique is modeled as 
a special case of homodyne detection technique. 
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3.2 System Modeling 
This section provides the signal and noise modeling for the balanced hydrophone 
setup using a homodyning coupler as shown in figure 3-1. The goal of this modeling is to 
help predict the expected value in an ideal scenario and to understand the effects of the 
practical imperfections in the system. 
3.2.1 Signal modeling 
 
3 dB coupler-I 
Ascentta
CPS155022XX
-L10FA
Water Tank
OUT
Reference 
Fiber
Sensor Fiber 
Power 
Amplifier & 
Matching 
Circuit
Ultrasound 
Transducer
Agilent Spectrum 
Analyzer E8408A     
OR
Tektronix 
Oscilloscope
50% OUT
50% OUT
IN
IN
Laser
NX 8563LB
10% OUT
90% OUT
IN
10dB coupler
SMSCA223
RP1005FA
Nu Photonics 
EDFA   
NP2000CORSB
303500FCA1
Optical Isolator
ISILPD55SS9
0.76 m 
0.
46
 m
 
Optical Isolator
ISILPD55SS9
3 dB coupler-II 
Ascentta
CPS155022XX
-L10FA
Photo-Detector
Photo-Detector-
+
∑
Balanced Detector
Power meter
 
 
 
Figure 3- 1: Homodyne balance detection in a fiber optic hydrophone system 
 
The local oscillator signal, L, is one of the inputs to the directional coupler-II 
shown in figure 3-1. The other input is the modulated signal, S. It is necessary to 
attenuate the local oscillator signal due to high power from the EDFA. 
  )( 112 φω +
∧= tjeLL       )( 212 φω +∧= tjeSS   
Where, 
2S and denoted average signal and local oscillator power 2L
1ω  is the optical frequency 
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1φ  and 2φ  are optical phases 
)( 11
2
1 φω +−∧ = tjSeS         (3.1) 
)( 21
2
1 φω +−∧ = tjLeL                 (3.2) 
In the case of the above setup is 2)(
2
1 πjLepS Γ=  which implies that  
12 2
φπφ +=           (3.3) 
)( pΓ is the reflected optical power due to incident pressure wave. 
The magnitude of  will be kept constant through the calculation and substituted 
in the final expression for ease of calculation. The transfer matrix of the coupler as 
indicated in [31] is 
S
=⎥⎦
⎤⎢⎣
⎡
2
1
E
E
 
⎥⎥
⎥
⎦
⎤
⎢⎢
⎢
⎣
⎡
−
−
 1      
       1
2
1
2
2
εε
εε
π
π
j
j
e
e
⎥⎥
⎥
⎦
⎤
⎢⎢
⎢
⎣
⎡ ∧
∧
L
S
       (3.4) 
coupler ldirectiona of  factorcoupling−ε  
Solving (3.4) we get 
⎟⎟
⎟
⎠
⎞
⎜⎜
⎜
⎝
⎛
+−= ∧∧ 21 12
1 πεε jeLSE       (3.5) 
⎟⎟
⎟
⎠
⎞
⎜⎜
⎜
⎝
⎛
−+= ∧∧ LeSE j εε
π
1
2
1 2
2       (3.6) 
Plugging (3.1), (3.2) and (3.3) into (3.5) and (3.6) and finding their magnitudes 
we obtain (3.7) and (3.8) 
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( )[ SLLSE εεεε −++−= 121
4
1 222
1 ]       (3.7)        
( )[ ]       (3.8) SLLSE εεεε −−−+= 121
4
1 222
2
It is known that  
2EqI ω
η
==  = R
2E         (3.9) 
Where, 
R - Responsivity (A/W) - ω
η
=
q  
η - Quantum efficiency 
q- Charge of an electron – 1.6*10-19 C 
= - Dirac function - 1.05*10-34 J.s 
ω - fπ2  (rad/s) 
f - Optical Frequency (Hz) 
From (3.9) we know that  
( )[ SLLSRI εεεε −++−= 121
4
221
1 ]      (3.10) 
( )[ SLLSRI εεεε −−−+= 121
4
222
2 ]      (3.11) 
Equations (3.10) and (3.11) are next separated into the time averaged DC 
components which would contribute towards the noise and the baseband signal 
component. Also substituting S = Lp)(
2
1 Γ  in (3.10) and (3.11) we get, 
The average DC currents are given by equations (3.12-a) and (3.12-b). 
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( ) ⎥⎦
⎤⎢⎣
⎡ +Γ−= 222011 4
11
4
LLRI dc εε                 (3.12-a)  
( ) ⎥⎦
⎤⎢⎣
⎡ −+Γ= 222022 14
1
4
LLRI dc εε               (3.12-b) 
The AC component of the photocurrent is given by (3.13-a) and (3.13-b) 
⎥⎦
⎤⎢⎣
⎡ Γ−= 211 )(2
112
4
LpRI ac εε                         (3.13-a) 
⎥⎦
⎤⎢⎣
⎡ Γ−−= 222 )(2
112
4
LpRI ac εε              (3.13-b)                           
 
It can be seen clearly that equations (3.13-a) and (3.13-b) will be equal when the 
coupling coefficient is equal to half and they would cancel each other when they are 
combined out-of-phase, while the signal would add constructively. Itot after the 180 
degree out-of-phase combiner, discussed in section 3.3.8, is given by: 
acacTOTSIG III 21, −=  = ( ) [ ]221 )(124 LpRR Γ−+ εε    (3.14)                           
Average Signal Power after amplification is   
=avgP
( ) ( )[ ]
o
p
Z
LRRG
2
1
16
42
2
212 Γ−+ εε
       (3.15)                          
(G = receiver transimpedance gain (V/A) and Zo = 50 ohms for spectrum analyzer) 
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3.2.2 Optical Receiver noise modeling 
Complete Amplifier Noise model for the given configuration has been shown in 
figure 3-2. 
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Figure 3- 2: Receiver Noise Model 
 
 Where,  
 
fZZZ ||12 =  (Impedances have been kept as real values in design) 
11 4kTBRe =  
22 4kTBRe =  
ff RkTBi /4=  
B = measurement system bandwidth (Hz) 
k = Boltzmann constant - 1.38 x 10−23 J/K 
R1,R2 and Rf are impendence values from design based on reasonable gain for 
bandwidth 
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Adapting the model from [23] which is explained in section 2.5.3 of this 
document to this specific case. We get: 
2
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|
22111
2
22
1
22
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2
1
2
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1
1
22 1
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||||)(
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Z
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eE f
fampnnfampnn
fffnnnnf
no +
⎪⎭
⎪⎬
⎫
⎪⎩
⎪⎨
⎧
+
+++++++= γγ  
                (3.16)                         
Using the values for Z1, Z2 and Zo as shown in design, the dependence of thermal 
noise on correlation is shown below in figure 3-3.  
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Figure 3- 3: Correlation based variation of thermal noise 
 
The amplifier correlation coefficient of 5.0=ampγ is chosen based on the results of [23]. 
The subtraction of noise is performed as was discussed in chapter 2. 
Uncorrelated shot noise 
It should be noted that the shot noise correlation coefficient is chosen to be zero 
because of the fact the receivers that are used in this work are discrete receivers which 
have been fabricated independently and hence exhibit no correlation. 
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)(2 21
2
dcdcshot IIqBI +=        (3.17)                           
o
shot
POshot Z
IG
P
2
22
/, =  where G = Receiver trans-impedance gain and B = 
Bandwidth and Zo = 50 ohms which is the impedance of the spectrum analyzer. 
Correlated RIN noise 
2
21
2 )(.. dcdcEDFARIN IIRINGBI −=  
0
21
2
2
2
1
2
/, 2
)2(...
Z
IIIIRINGGBP dcdcRINdcdcEDFAPORIN
γ−+=    (3.18)                           
The total noise power is given as the sum of the independent sources that have been 
discussed. 
POTHERMALPOSHOTPORINTOT PPPP /,/,/, ++=  
The results of the above analysis for various cases are discussed in the following section. 
3.3 Modeling Results 
This section presents the results of the modeling discussed in the previous section. 
The improvement in the signal to noise ratio due to the cancellation of the RIN noise is 
demonstrated. 
It also covers the factors that would cause the system to deviate from its ideal 
condition. Using the model would make optimization of the balanced receiver a more 
logically progressive process. 
3.3.1 Balanced receiver Ideal Condition 
For ideal balanced detection we assume that the RIN is completely correlated 
(i.e., 1=RINγ ), perfect amplitude balance (i.e., Coupling coefficient, 5.0=ε ), the 
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amplifier correlation coefficient (i.e., 5.0=AMPγ ), Shot noise is uncorrelated 
(i.e., 0=shotγ ) and photodetectors are identical (i.e., responsivity ).  WARR /95.021 ==
The variation of the noise source and signal to noise ratio with respect to change 
in optical power is shown in figure 3-4. Figure 3-4 (a) shows that the noise floor is shot 
noise dominated. Figure 3-4 (b) shows the increase in SNR with increase in optical power 
which is the primary advantage of using balanced detection to cancel RIN noise.  
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Figure 3- 4: Ideal Balanced receiver:  (a) Noise power (b) Signal to Noise ratio 
 
3.3.2 Dependence of Noise cancellation and SNR on intensity noise correlation 
This section deals with the effect of RIN correlation on noise cancellation and its 
effect on SNR. Figure (3-5 a) indicates the cancellation of RIN while RIN 
correlation, RINγ  is varied from while maintaining perfect amplitude balance (i.e., 
Coupling coefficient,
1  0 to
5.0=ε  ) and using identical photodetectors (R1 = R2 = 0.95A/W). 
It is assumed that the optical power is at 20 dBm. It can be observed from figure 
3-5 (a) that even a 10% variation from the ideal case (i.e., for a RIN correlation 
coefficient of 0.9) leads to a 10 dB increase in the noise power level. Figure 3.5 (c) is a 
zoomed in version of figure 3.5 (b) indicating the range where maximum change in SNR 
occurs (i.e., 24 dB increase in SNR for a 0.001 increase in correlation coefficient). 
However, the RIN correlation is expected to be extremely close to unity. 
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Figure 3- 5: Variation of (a) noise values w.r.t correlation coefficient and (b) SNR (c) 
Zoomed in version of SNR 
 
3.3.3 Dependence of Noise and SNR on amplitude imbalance of optical coupler 
The noise cancellation based on amplitude imbalance of the coupler is show in 
figure 3-6 (a). This is achieved by varying the coupling coefficient,ε  from  while 
maintaining complete RIN correlation (i.e.,
1  0 to
1=RINγ ) and using identical photodetectors 
with R1 = R2 = 0.95 A/W and at an optical power of 20 dBm.  
It can be seen that a 5% variation in the coupling coefficient from the ideal case of 
ε  = 0.5 leads to a 20 dB reduction in the noise cancellation. As mentioned earlier this 
shortcoming can be over come by using a high precession variable attenuator. 
Another interesting observation is the fact that shot noise does not exhibit any 
variation. This is attributed to the fact that there is no shot noise cancellation due to lack 
of correlation. 
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Figure 3- 6: Variation of (a) noise values and (b) SNR w.r.t coupling coefficient assuming phase 
balance 
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3.3.4 Dependence of Signal, Noise and SNR on Phase Imbalance 
The modeling up to this point has assumed that 12 2
φπφ += , where 1φ  and 2φ  are 
optical phases for the signal and the local oscillator. In this portion we 
consider φφφ Δ=− 12 . The effect of φΔ on the signal noise and SNR is analyzed in this 
section. The analysis presented earlier is modified as  
( ) ⎥⎦
⎤⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛ −Δ−++−=
2
cos121
4
221
1
πφεεεε SLLSRI     (3.19) 
( ) ⎥⎦
⎤⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛ −Δ−−−+=
2
cos121
4
222
2
πφεεεε SLLSRI     (3.20) 
The average DC currents given by equations (3.12-a) and (3.12-b) stay the same. 
The AC component of the photocurrent given by (3.13-a) and (3.13-b) have the 
phase term added to it as it can be seen in equations (3.19) and (3.20) and after the out-of-
phase combination equation (3.14) modifies to 
acacTOTSIG III 21, −=  
  = [ 221 )(12
4
2
cos
2
cos
Lp
RR
Γ−
⎟⎟⎠
⎞⎜⎜⎝
⎛ ⎟⎠
⎞⎜⎝
⎛ +Δ+⎟⎠
⎞⎜⎝
⎛ −Δ
εε
πφπφ ] (3.21)                           
Average Signal Power after amplification is   
=avgP ( )[ 42
0
2
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2 1
16.
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Z
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G pΓ−
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⎞⎜⎜⎝
⎛ ⎟⎠
⎞⎜⎝
⎛ +Δ+⎟⎠
⎞⎜⎝
⎛ −Δ
εε
πφπφ ]    (3.22)                           
(Where, G = receiver transimpedance amplifier gain, V/A)   
Since the variation in phase is attributed only to the base band signal the phase 
imbalance has no effect on RIN cancellation but is more focused on signal degradation.  
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The variation signal and SNR with the variation in phase φΔ  from ππ to− , as 
shown in figures 3-7 (a) and (b) assumes that RIN is completely correlated (i.e., 1=RINγ ) 
and the coupler has perfect amplitude balance (i.e., 5.0=ε ). The photodetectors are 
assumed to be identical ( WARR /95.021 == ) and an optical power of 20 dBm is 
provided. 
It can be seen that the variation of SNR is not very pronounced (<5dB) for phase 
variation of 60 degrees after which there is a drastic reduction of 70 dB for the next 30 
degrees. The phase variation can be overcome by varying the bias current of laser. It 
should be noted that the phase imbalance indicated in this section does not take into 
account the inequalities in optical path length which would affect the DC currents in 
addition to the AC currents. 
±
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Figure 3- 7: Variation of (a) SNR and (b) signal values w.r.t Phase Imbalance assuming amplitude 
balance 
 
 
3.4 Effect of microwave out-of-phase combiner on noise cancellation 
It has been assumed up to this point that the out-of-phase combination after the 
coupler leading to common mode noise cancellation is an ideal case. The practical effects 
of noise cancellation due to various commonly used microwave out-of-phase combiners 
are discussed in this section. 
Three different approaches are analyzed for out-of-phase combination. They are: 
(i) Diodes in anti-parallel combination  
(ii) Balun 
(iii) Differential amplifier 
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3.4.1 Anti-parallel Photodiodes  
In this approach the two photodiodes are placed in the anti-parallel configuration. 
The out-of-phase combination takes place due to the direction of the photocurrents 
produced by the diodes as shown in figure 3-8.  
Therefore it is clear that 21 III o −= .       (3. 23) 
No additional component is required and hence, the only limiting factor for ideal 
out-of-phase combination is having well matched diodes (equal quantum efficiency). It is 
because of this fact that this method is often implemented in commercial balanced 
receivers. 
The anti-parallel photodiode combination provides natural out-of-phase 
combination and depends only on the matching of the diodes (i.e., the ratio of the 
quantum efficiency of one diode with respect to the other). This drawback exists in all the 
cases discussed in this chapter. 
I1 
I1-I2 
I2 
 
  
 
Figure 3- 8: Out-of-phase combination using Anti-parallel photodiodes 
 
 
From equation (3.9) it can be seen that the quantum efficiency is the only variable 
in the expression for responsivity. The effect of non-identical photodiodes is thus 
represented by varying the quantum efficiency ratio from 0.85 to 1.25. A 20 dB variation 
in noise cancellation is observed when the diodes are mismatched by 5%. This draw back 
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could also be over come by using the high precision attenuator at the output of the 
coupler arm to ensure that the IDC are equal. 
3.4.2 Balun 
The balun is a lossless, symmetric network which in the arrangement shown 
above would provide two equal and 180 degrees phase shifted signals at the output. So if 
the input is given at port 1 we obtain 31132112 SSSS −=−== .  
If port 1 is matched, 011 =S
,0 33
 then ports 2 and 3 are not matched because of the 
impedance scaling. (i.e., 022 ≠≠ SS ) 
The S matrix for a BALUN can be defined as 
[ ] =S   
S    S     
S    S        
S-   S        0   
332312
232212
1212
⎥⎥
⎥⎥
⎥⎥
⎦
⎤
⎢⎢
⎢⎢
⎢⎢
⎣
⎡
− S
S        (3.24) 
Applying the unitary property to row 1 we get 
2
1
12 =S  
Two results come out of applying the unitary property to rows 2 and 3 and using 
the above equation. 
(i)          (3.25) 3322 SS =
(ii) 22322 2
1 SS −=                  (3.26) 
 
Assuming that b1, b2 and b3 are the reflected waves in the network at ports 1, 2 
and 3 respectively and a1, a2 and a3 are the incident waves at ports 1, 2 and 3.  
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We get, 
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a
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S
S
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b
b
      (3.27) 
In order to better understand the relationship between S22 andS23 we can observe 
the reflection coefficient 0
2
323222
2
2
2 =+==Γ a
aSaS
a
b , a2 = -a3 for the balun operating in 
the differential mode. In which case, 0
2
223222
2 =−=Γ a
aSaS
.  
Therefore S22 = S33 = S23 = 0.5 by applying unitary property. So the S matrix has 
been justified for both a general case and the specific case. 
Multiplying the first row of equation 3.27 gives the desired result: 
( 32121 aaSb −= )          (3.28) 
So it can be seen that the out-of-phase combination would depend only on the 
insertion loss of the balun as long as the phase and amplitude balance is maintained 
between the two output arms of the balun. This implies that 31132112 SSSS −=−==  has 
to be satisfied. It should be noted that in the best case (i.e., when the above condition is 
satisfied), the out-of- phase “RF” signals should add up and in the in-phase noise 
components should cancel and vice versa in the worst case.  
The effects of amplitude imbalance have been modeled by varying the ratio of 
13
12
S
S from 0.5 to 1(indicating complete amplitude balance) and the effect of phase 
imbalance is accounted for by varying 0=Δ Bφ  toπ . The other conditions are the same 
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as the ideal case presented in section 3.3.1. A noise cancellation of 20 dB was obtained 
when there was perfect amplitude and phase balance. The SNR was found to drop by 6 
dB for 5% variation in the amplitude balance and was found to drop by 10 dB for 20 
degree variation of phase imbalance. 
3.4.3 Differential Amplifier 
The third configuration that is explored for out-of-phase combination is a 
differential amplifier. As shown in figure 3-9, outputs from two photodetectors are given 
to the two outputs of the differential amplifier. This makes this arrangement more 
bandwidth efficient.  The component values used in the design are based on the values 
used for implementation. The op-amp has an extremely high gain value and hence the 
ideal condition of infinite gain is considered. 
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Figure 3- 9: Out-of-phase combination provided by Differential Amplification 
 
From figure 3.9 we can see that, 
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42
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ZVVP +=  
PNINIOUT VGV =, = ⎟⎟⎠
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⎛ +
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Z
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1
1
3
, VZ
Z
V IOUT =  
1
1
3
1
31
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42
,, VZ
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Z
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⎛ +
+=−=     (3.29) 
When Z1 = Z2 and Z3 = Z4 the equation reduces to  
( )
1
3
12 Z
Z
VVVOUT −=          (3.30) 
As long as the condition 1
4
3
2
1 ==
Z
Z
Z
Z is maintained     (3.31) 
The effect due to the variation from this ideal condition is obtained by rearranging  
1
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1
31
24
42
,, VZ
Z
Z
ZZ
ZZ
ZVVVV IOUTNIOUTOUT −⎟⎟⎠
⎞
⎜⎜⎝
⎛ +
+=−=  
We get  
( )
( ) ⎟⎟⎠
⎞
⎜⎜⎝
⎛ −+
+=−
⎟⎟⎠
⎞
⎜⎜⎝
⎛ +
⎟⎟⎠
⎞
⎜⎜⎝
⎛ +
= 12
1
3
4
2
1
3
2 1
1
1
1
V
BA
ABVAV
Z
Z
Z
Z
Z
Z
VVOUT      (3.32) 
where 
11
33
1
3
ZZ
ZZ
Z
Z
A ∠
∠==  and 
22
44
ZZ
ZZB ∠
∠= . Where the phases represent the polar form of 
the parasitic inductances and capacitances associated with the resistors. 
AZZ
Z
A Δ=
1
3  and BZZ
Z
B Δ=
2
4  
the effect due to the impedance inequality (i.e., the condition in equation 3.31) is shown 
by varying the ratio of 
B
A
from 0.3 to 1.2 and BAAB ZZ Δ−Δ=Δ . The maximum 
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cancellation is obtained when 
B
A  = 1 and when ABΔ =0 which is the condition given by 
equation 3.30.  
A 20 dB variation of SNR is observed for a variation of 10% which is a practical 
scenario when using standard off the shelf components.  
3.5 Differential Detection 
From the discussion in sections 3.3.2-3.3.4 of this document, it is clear that the 
homodyne balance detection scheme requires the system to have phase and amplitude 
stability. In the absence of this stability a differential detection scheme (see [24]) can be 
employed. The experimental setup for the differential detection scheme is discussed in 
shown below in figure 3-10. When compared to setup for the balanced detection, it can 
be seen that the coupler has been removed and the reference fiber is given directly to the 
photodetector.  
 
Power meter
Water Tank
OUT
Reference 
Fiber
Sensor Fiber 
Power 
Amplifier & 
Matching 
Circuit
Ultrasound 
Transducer
Agilent Spectrum 
Analyzer E8408A     
OR
Tektronix 
Oscilloscope
50% OUT
50% OUT
IN
IN
10% OUT
90% OUT
IN
10dB coupler
SMSCA223
RP1005FA
Nu Photonics 
EDFA   
NP2000CORSB
303500FCA1
Optical Isolator
ISILPD55SS9
0.76 m 0.
38
 m
 
0.
46
 m
 
Optical Isolator
ISILPD55SS9
AttenuatorPhoto-Detector-
+
∑
Balanced Detector
Photo-DetectorLaser
NX 8563LB
3 dB co
As
CPS15
upler 
centta
5022XX
-L10FA
0.
46
 m
 
 
Figure 3- 10: Differential balance detection in a fiber optic hydrophone system 
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The differential detection scheme would provide noise cancellation because RIN is 
still the common mode noise but there would be no increase in the signal level because 
the homodyning coupler has been removed and hence the photocurrents will not be phase 
shifted by 180 degrees as shown in equations (3-19) and (3-20). The signal modeling for 
the differential detection is split into two parts, which are: 
1) Direct Approach 
2)  Correlating homodyne modeling to direct approach 
Direct Approach 
This is a straight forward method which denotes the conversion of the optical 
signal power, P, to the electrical current, IS, based on the responsivity, R, of the 
photodetector. Therefore electrical current, IS, is given by, 
RPI S =           (3.33) 
When the modulating pressure signal is provided then 3.33 modifies to  
   ( )pRPI S Γ=
Considering the 6dB power loss due to the coupler we have,  ( )
4
pRPI S
Γ=  
The electrical current can be converted into power as shown in equation (3.34) 
( )( )
160
2
2
Z
pRPGPavg
Γ=          (3.34) 
The noise power would remain the same as indicated in section 3.2.2 of this 
document, as long as the effect of the coupler is negated as shown in Appendix III for the 
single detector. 
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Correlating homodyne modeling to direct modeling for differential detection 
The homodyne case can be best modified to fit the differential detection by 
negating the effect of the coupling coefficient and by distinguishing the DC and AC 
responsivity as and  respectively where the subscript X, which is equal to 1 or 2, 
refers to the photocurrent of the detector being considered. The above condition is 
expressed analytically in equations (3.35) and (3.36). 
XR
|
xR
( ) ⎥⎦
⎤⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛ −Δ++=
2
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4
1 |
1
22
11
πφSLRLSRI       (3.35)   
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2
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4
1 |
2
22
22
πφSLRLSRI      (3.36)  
It can be seen from equation (3.37) that the R2 has been switched of for the AC 
signal component (i.e., =0) in order to account for the AC power. It should be noted 
that when R1 = R2 = R1| the DC components, as it can be seen from equations (3.35) and 
(3.36), are equal and will be cancelled due to common mode rejection of the receivers. 
The signal power will be, 
|
2R
=avgP [ ]42
0
2
1
2
16.
2
cos
L
Z
R
G pΓ
⎟⎟⎠
⎞⎜⎜⎝
⎛ ⎟⎠
⎞⎜⎝
⎛ −Δ πφ
        (3.37)                           
When
2
πφ =Δ , it can be seen that equation (3.37) equals equation (3.34) thereby 
validating the use of the modified homodyne modeling in the case of differential 
detection. 
The variation of SNR w.r.t optical power is indicated below in figure 3-11. When 
compared with figure 3-4 (b) which presents the ideal case using homodyne detection it 
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can be observed that the homodyne detection has an increased SNR of 15 dB over the 
differential detection. 
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Figure 3- 11: Differential Detection: SNR w.r.t optical power 
 
3.6 Chapter Summary 
The chapter has provided a comprehensive look at the expected results from the 
balanced detection, and has analyzed the effects of the various practical imperfections 
including the imperfections in the microwave out-of-phase combiner. It was seen that in 
the ideal case for homodyne balanced detection, a SNR improvement of at least 20 dB is 
predicted. The system is sensitive to amplitude and phase imbalance. It was observed that 
a 5% (i.e., 0.5 dB) of amplitude imbalance could reduce the SNR by 13 dB from the ideal 
case. A 0.5%  reduction in correlation could lead to a 10 dB reduction in SNR from the 
ideal case. The phase imbalance has an extremely steep slope of 40 dB per 20 degree 
variation around 80-100 degree of phase imbalance. It should be noted that even a minute 
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imbalance would result in incomplete noise cancellation. In such a scenario, the shot 
noise would be dominant up to a certain optical power level above which RIN noise 
again becomes dominant. This would result in a steady increase in SNR up to a certain 
optical power above which SNR would remain constant with increase in optical power. 
The practical limitations of the out-of-phase combiners have also been analyzed.  
The chapter also deals with the modeling for the differential detection 
which is used for noise cancellation. As a baseline comparison, Appendix 
III indicates the modeling of a single ended detector as a special case of 
the homodyne detection. The differential detection is expected to provide a 
SNR improvement of 11 dB over the single ended detector. It should be noted that the 
homodyne detection has a SNR of 15 dB higher than the case of differential detection. 
However, the homodyne detection requires a system that provides amplitude and phase 
stability. 
The modeling developed in this chapter helps in anticipating the noise 
cancellation and SNR improvement during practical implementation in the next chapter 
and in understanding the deviation of this value from the ideal case.  
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Chapter 4: Design, Realization and Implementation 
 
4.1 Introduction 
 
Having established the foundation for balanced detection through the detailed 
modeling in the previous chapter, this chapter deals first with the design, realization and 
full characterization of the subcomponents involved in the balanced detectors. It then 
presents the characterization of RIN and accounts for the variation of RIN with respect to 
frequency and laser bias current. Having understood the reasons for the variation of the 
RIN, the noise cancellation achieved by different receivers is reported. Finally, the 
system integration of the receivers is presented and noise cancellation and SNR 
improvement in the fiber optic hydrophone that was presented in the previous chapter is 
validated through the process of differential detection. The validation of the homodyne 
detection was not possible because it is sensitive to the inherent instability that is 
currently present in the fiber optic hydrophone system. 
4.2 Balun 
4.2.1 Amplitude and Phase balance 
Figure 4-1 shows the schematic of an ideal balun with practically used 
transmission lines parameters which are based on ease of realizability. It can be noted 
that the lengths of the two outputs are maintained equal at all times in order to ensure 
relative phase shift of 180 degrees.  
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As shown in figure 4-1 the output ports 2 and 3 are terminated with 25 ohms in 
order to ensure that port 1 is matched (i.e., S11 = 0). This is also ensures that S12= S13 
=0.707. 
MSUB
MSub1
Rough=0 mil
TanD=0.013
T=0.67 mil
Hu=3.9e+034 mil
Cond=5.7E8
Mur=1
Er=4.3
H=60 mil
MSub
S_Param
SP1
Step=0.5 MHz
Stop=150 MHz
Start=0.3 MHz
S-PARAMETERS
MTAPER
Taper3
L=100.0 mil
W2=116 mil
W1=30 mil
Subst="MSub1"
TF3
TF1
T2=2.00
T1=2.00
1
2
3
3
1
-
T1
1
-
T2
1
Term
Term3
Z=25 Ohm
Num=3
Term
Term2
Z=25 Ohm
Num=2
MLIN
TL2
L=500 mil
W=116 mil
Subst="MSub1"
MTAPER
Taper2
L=100.0 mil
W2=116 mil
W1=30 mil
Subst="MSub1"
MTAPER
Taper1
L=100.0 mil
W2=116 mil
W1=30 mil
Subst="MSub1"
MLIN
TL1
L=500 mil
W=116 mil
Subst="MSub1"
Term
Term1
Z=50 Ohm
Num=1
MLIN
TL3
L=500 mil
W=116 mil
Subst="MSub1"
 
 
Figure 4- 1: Realizable schematic of an ideal balun  
 
The above simulation has resulted in the magnitudes of S11<0.1 dB, S22=S33= 
S23=S32 =0.5 and S12= S21= 0.707 and perfect phase balance of 180 degrees. These 
results verify the generalized S matrix discussed in section 3.4.2.  
The balun shown in figure 4-1 is an ideal balun. Practical baluns exhibit 
frequency dependence due to transformer parasitics which are discussed in detail in 
section 2.3.2. The choice of balun is very important. Appendix IV (A-D) includes the 
characterization of various appropriate baluns. From this characterization, it can be seen 
that the baluns have excellent amplitude balance (better than 0.1 dB) and phase balance 
(better than1 degree) in the desired frequency range. 
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Figure 4-2 indicates the realized balun circuit. Care should be taken to ensure that 
the lengths of cables used at the input are equal. 
I/P
I/P
O/P
BALUN (MABACT0036)
 
        Figure 4- 2: Realized ciruit of Balun 
    
Experimental verification of S parameters 
The practical realization of 25 ohm termination for the calibration was achieved 
by using a T junction terminated with 50 ohms. If the terminations are not exactly 50 
ohms or if there are losses due to the T junction, then the S-parameters will vary from the 
ideal values.  
It was found that the impedance looking into the T junction terminated with two 
50 ohm loads was 30 ohms. This could be due to excess loss in the T junction and is the 
reason for the mismatch in the S11 value. 
The variation of the S21 value could be attributed to the possibility that the input 
impedances looking into each of the 50 ohm terminations in the T junction are not 
necessarily equal. 
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Figure 4-3 experimentally verifies the S matrix that has been obtained through the 
simulation. 
0 50 100 150
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
S11, S22 = S33
Frequency (MHz)
R
ef
le
ct
io
n 
P
ar
am
et
er
s
S11
S22
 
(a) 
 
 
0 50 100 150
0.4
0.5
0.6
0.7
0.8
0.9
1
S21 = S31, S32
Frequency (MHz)
Tr
an
sm
is
si
on
 P
ar
am
et
er
s
S21
S31
S32
 
 
(b) 
 
Figure 4- 3: Experimental verification of S parameter magnitudes: (a) magnitude of S11, S22= S33 
(b) magnitude of S31 = S21, S32  
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4.2.2 Common mode rejection ratio (CMRR) of Balun 
The CMRR is an important figure of merit because it indicates the extent to which 
the noise can be cancelled.  As discussed earlier, CMRR depends on the phase and 
amplitude balance of the balun.  
The CMRR is defined as the ratio of the differential mode value (Id) over common 
mode gain (Ic), (i.e.,
c
d
B I
I
CMRR = ). The differential mode value will give the insertion 
loss of the balun. It can be measured by using another balun (as shown in figure 4-4 (b)) 
to provide a differential input. 
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       (b) 
 
Figure 4- 4: Balun CMRR Characterization: (a) Common mode signal (b) differential mode signal 
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The common mode signal can be obtained by using a Wilkinson’s power divider 
ahead of the balun (as shown in figure 4-4 (a)). The Wilkinson’s power divider was 
characterized to have an amplitude imbalance of better than 0.01 dB and a phase 
imbalance of at most 1 degree. The excellent amplitude and phase balance of the 
Wilkinson’s power divider ensures that it provides equal, in-phase signals at its two 
outputs. 
The frequency characteristic of the CMRR, shown in figure 4-5, was obtained by 
subtracting (in dB) the results obtained from the setups depicted in figure 4-4.  
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Figure 4- 5: CMRR of balun 
 
         
As indicated in section 3-4-1 and given that the baluns have an amplitude balance 
better than 0.1 dB and phase balance better than 1 degree, noise cancellation of up to 20 
dB can be expected. This is contingent up on maintaining an ideal condition of perfect 
amplitude, phase balance and RIN correlation up to this point. 
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4.3 Single Ended Amplifier 
4.3.1 Design and realization 
This section deals with the design and realization of the single ended amplifier, 
which will be used as a gain element. The op-amp used is burr-brown OPA 847 
(Appendix V). This op-amp has been chosen because it has a high gain of 107 dB and 
also a very high gain-bandwidth product of 3.6 GHz. Choosing the right op-amp is 
important and is based on the various figures of merits that were discussed in section 
2.4.1. 
Figure 4-6 shows the single ended design for the OPA 847. The use of only 
resistive components has ensured stability of the circuit. 
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Figure 4- 6: Single ended design for OPA 847 
 
For the given configuration it is known that, 
 
1R
R
A fv =  and vv AdBA log20_ = = 26.02 dB    (4.1) 
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The result obtained through Equation 4.1 is verified by simulation to be 26.02 dB. 
However, this simulation does not take into consideration the parasitics of the length of 
transmission lines used. 
The practical schematic of the OPA 847 taking into consideration the lengths of 
lines and the parasitics was simulated.  Simulations have been performed using S 
parameters so features in Agilent’s Advanced Design System (ADS) for stability measure 
and stability factor can be used to indicate stability of the configuration. The layout for 
this configuration is presented in Appendix VI.  As shown in figure 4- 8, shunt capacitors 
C1 and C2 have been added along the DC path in order to function as a RF choke. 
The stability simulations have indicated a stability factor, k >1 and stability 
measure >0 ensuring that the amplifier is stable. The amplifier was also experimentally 
found to have a high saturation power of 18 dBm at 1.52 MHz. The gain characteristics 
of the amplifier, shown in figure 4-7, verified simulation results.  
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Figure 4- 7: Experimental Gain characteristics of the Single Ended Amplifier 
 
 
Figure 4-8 represents the realized circuit for OPA 847 single ended configuration. 
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Figure 4- 8: Realized single ended amplifier circuit 
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The noise figure, gain and input saturation power at various discrete frequencies 
have been shown in table 4-1 below. The noise figure is calculated using the Y factor 
method which is explained in [37] after recording the noise power values under ‘HOT’ 
(i.e., when noise diode is ON) and ‘COLD’ (i.e., when noise diode is OFF) conditions 
and using the effective noise ratio (ENR) for the noise diode. 
Table 4- 1: Single ended amplifier Figures of merit at different frequencies 
Frequency 
(MHz) 
Gain (dB) Input saturation power 
(dBm) 
Noise figure (dB) 
20 24 15 4.5 
40 24.8 15 4.4 
60 25.0 15 4.6 
80 25.6 10 4.6 
100 26.7 7 4.7 
 
4.4 Differential Amplifier 
4.4.1 Design and realization 
The differential mode gain is found by using a balun ahead of a differential 
amplifier. This is used to provide balanced inputs to the two terminals of the op-amp. The 
ideal simulations for gain verified a gain value of 28 dB. The practical schematics were 
simulated in common mode for a S21 of -40 dB to 12 dB and in the differential mode for 
a gain of 27 dB over a 100 MHz bandwidth. The layout for this configuration is presented 
in Appendix VI. The simulations also show a stability factor, k >1 and stability measure 
>0 hence indicating a stable configuration. It should be noted that long lengths of cable Δ
 
  
77
produce adverse feedback effects that might influence the stability. The gain 
characteristics of the amplifier are shown in figure 4-9. 
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Figure 4- 9: Gain Characteristics of Differential amplifier 
  
The noise figure, gain and input saturation power at various discrete frequencies 
have been shown in table 4-2 below. 
 
Table 4- 2: Figures of merit of the differential amplifier at various frequencies 
Frequency 
(MHz) 
Gain (dB) Input saturation 
power (dBm) 
Noise figure (dB) 
20 25.8 17 4.9 
40 25.7 13 4.8 
60 26.0 10 5.1 
80 27.0 4 5.4 
100 27.6 3 5.1 
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Figure 4- 10: Realized differential amplifier circuit 
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4.4.2 Common Mode Rejection Ratio of Operational Amplifier 
The common mode rejection ratio is the most important factor in noise 
cancellation. As discussed in chapter 2 it can be found as the ratio of differential mode 
gain Ad to common mode gain Ac (i.e.,
c
d
A A
A
CMRR = ). The system setup for the 
measurement is shown in figure 4-11. It is identical to common mode measurements 
performed for the balun.  
The Wilkinson’s power divider has been characterized and its results have been 
discussed in section 4.2. The balun used is the same as discussed above and it has 
excellent phase and amplitude balance. 
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Figure 4- 11: System setup for measuring CMRR: (a) differential mode gain (b) common mode gain 
 
The differential mode gain has already been presented in figure 4-9. Figure 4-12 
(a) shows the common mode signal and figure 4-12 (b) shows the CMRR of the amplifier 
which is found by subtracting (in dB) the common mode gain from the differential mode 
gain.  
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Figure 4- 12: (a) Common mode gain (b) CMRR of differential amplifier 
 
 
It can be seen that the op-amp has a CMRR of at least 15 dB and hence would 
result in cancellation. However, the non-uniform CMRR characteristics of the amplifier 
which could be due to minor variations in the impedance ratio causing deviation from the 
ideal condition as discussed in section 3.4.3. 
4.5 Anti-parallel Photodiodes 
The anti-parallel photodiode combination is implemented using a PDB110-C, 
which is a commercially available unit from Thor labs. The data sheet for this unit is 
provided in Appendix VII. 
 As per the specifications, this unit is expected to have a CMRR of at least 35 dB. 
The photodiodes that have been chosen for this unit are identical photodiodes and it has 
been designed to operate over a 100 MHz bandwidth and hence the bandwidth 
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constriction of using two photodiodes (i.e., equivalent capacitances) at the input has been 
over come. 
The anti-parallel diodes were tested for amplitude balance at discrete frequencies 
and it was found that they were matched and produced outputs with better than 0.5 dB of 
imbalance. 
4.6 Relative Intensity noise (RIN) Characterization 
Having discussed the design and characterization of the receivers, this section 
represents the full characterization of RIN noise which is an extremely important 
precursor to the actual process of noise cancellation. As shown in section 2.5, RIN noise 
power (PRIN) is expected to increase by 2 dB for every 1 dB increase in optical power for 
a given value of RIN. This section also demonstrates the variation of this RIN value with 
respect to frequency and bias current. Figure 4-13 shows the experimental setup used for 
the characterization. 
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Figure 4- 13: Experimental Setup for RIN characterization 
 
 
As indicated in the figure 4-13, the EDFA operating in the constant output power 
mode (AOPC) ensures that the power at its output does not depend on the change in laser 
bias current which leads to a change in the output power of the laser. It was 
 
 83
experimentally verified that the output power from the laser does not saturate the EDFA. 
The EDFA was operating at a constant output of 15 dBm and an attenuation of 18 dB 
ensured a power of -3 dBm going into the optical receiver. 
Figure 4-14 indicates the variation of the RIN value with laser bias current. It can 
be seen that the RIN is higher by 3 dB for lower bias currents.  
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Figure 4- 14: RIN Characterization 
 
A 17 dB decrease in the RIN value is observed while we go from 100 kHz to 100 
MHz. the experiments are conducted at 1.52 MHz for a laser bias current of 45 mA. It 
can be seen from the graphs that the RIN value is -154.2 dB/Hz.  
4.7 Relative Intensity Noise (RIN) cancellation 
As discussed earlier, the relative intensity noise cancellation is implemented by 
using three different receiver configurations. They are: 
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Receiver #1: Anti-parallel Photodiodes (PDB 110 C from Thor labs) 
Receiver #2: Balun with 2 single photo receivers 
Receiver #3: Differential Amplifier with 2 single photoreceivers 
It should be noted that the photo receivers used in all 3 cases are identical in terms 
of responsivity and transimpedance gain.  
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Figure 4- 15: Setup for measuring noise cancellation 
 
Figure 4-15 is the standard setup used for measuring the noise cancellation of a 
receiver. Table 4-3 presents the RIN level when using the different configurations. 
Firstly, the RIN value is measured using a single ended receiver in a setup similar to 
figure 4-13. Care is taken to ensure that the optical power to the receiver in all these cases 
is – 3 dBm. This is achieved by providing appropriate attenuation in the case of the single 
ended receiver.  
It is clear that the single ended receiver is dominated by RIN due to the 6 dB 
variation for the 3 dB variation of optical power. Similarly, it is evident that the system is 
shot noise dominated in the case of all 3 balanced receiver configurations. The high 
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power levels in the case of receiver# 3 are attributed to the 25 dB gain of the differential 
amplifier. The gain should be factored out in order to quantify the extent of cancellation.  
 
Table 4- 3: RIN noise levels using different configurations 
 
Measured RIN 
power level  using 
Single Ended 
receiver 
 
Measured RIN 
power level  using 
Receiver #1 
Measured RIN 
power level  using 
Receiver #2 
Measured RIN 
power level  using 
Receiver #3 
15 dBm 18 dBm 15 dBm 18 dBm 15 dBm 18 dBm 15 dBm 18 dBm 
-106.35 -100.2 -112 -109 -116 -112.6 -84 -81 
 
Table 4-4 indicates the noise cancellation achieved by these various receivers at 
an EDFA output power level of 18 dBm (0dBm input to the receiver). It can be seen that 
the receiver #2 which makes use of the balun along with 2 single ended receivers is the 
best configuration. This could be attributed to the high CMRR obtained in the case of the 
balun (as shown in figure 4-5) due to excellent amplitude and phase balance. It can be 
observed that the extent of cancellation can be related to the CMRR value. 
 
 Table 4- 4: Noise cancellation using various configurations 
 
Receiver Noise cancellation at 18 dBm CMRR (dB) 
#1 9 dB >35 dB 
#2 12 dB >46 dB 
#3 6 dB >15 dB 
 
4.8 Implementation of Balanced Detection 
The implementation of the balanced detection in the case of the fiber optic 
hydrophone was performed using differential detection. As discussed in section 3.5, the 
differential detection does not provide any significant improvement in sensitivity but is 
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used to achieve noise cancellation. The homodyning could not be implemented because 
of instability in the system. The data that has been collected through differential detection 
is obtained after averaging of 100 samples. All readings have been taken for an acoustic 
pressure of 1 MPa. 
The implementation the differential detection has been discussed in section 3.5 
and is diagrammatically presented in figure 3-10. The common mode intensity noise is 
reduced by 10 dB.  Table 4-5 shows that there is a 10 dB improvement in SNR at higher 
powers in the case of balanced detector #1 which uses anti-parallel photodiodes.  
 
Table 4- 5: SNR improvement using Receiver# 1 
 
EDFA power Single Ended Detector 
SNR (dB) 
Balanced Detector#1 
SNR (dB) 
 
15 dBm 28.7 29.0 
18 dBm 29.0 32.0 
20 dBm 28.7 34.4 
25 dBm 29.0 39.0 
30 dBm 29.0 39.8 
Table 4-6 shows the SNR improvement using receiver #2 which employs the 
balun with two single ended photo detectors. A SNR improvement of 11 dB is achieved.  
Table 4- 6: SNR improvement using receiver #2 
 
EDFA power Single Ended Detector 
SNR (dB) 
Balanced Detector#1 
SNR (dB) 
 
15 dBm 28.7 29.0 
18 dBm 29.0 33.3 
20 dBm 28.7 36.0 
25 dBm 29.0 40.0 
30 dBm 29.0 41.0 
 
 
 
 
 
 87
Table 4-7 shows the SNR improvement in the case of receiver #3.  
Table 4- 7: SNR improvement using receiver #3 
 
EDFA power Single Ended Detector 
SNR (dB) 
Balanced Detector#1 
SNR (dB) 
 
15 dBm 28.7 28.9 
18 dBm 29.0 31.3 
20 dBm 28.7 33.0 
25 dBm 29.0 38.0 
30 dBm 29.0 38.6 
 
A SNR improvement of up to 9 dB has been observed using receiver# 3. This is 
found to correlate with the noise cancellation that was achieved by receiver #3 as 
discussed in the previous section. 
Figure 4-17(a) and (b) shows that the experimental results and the analytical 
results are highly correlated up to an optical power level of 25 dBm. However at a higher 
optical power level of 30 dBm it was found that the RIN was again dominant and hence 
the SNR was no longer increasing. This could be attributed to an amplitude imbalance of 
0.002.  The predicted SNR when an imbalance of 0.002 is present is plotted against the 
experimental SNR in figure 4-17 (c).  
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(c) 
Figure 4- 16: Experimental Vs. Predicted:  (a) Single ended detector (b) Differential detection (Ideal 
case simulation) (c) Differential Detection (amplitude imabalnce of 0.002) 
 
4.9 Chapter Summary 
Through the analytical background obtained from chapter 3, this chapter has 
presented the implementation of balanced detectors for noise cancellation in the fiber 
optic hydrophone system. First, the design, fabrication and realization of the 
subcomponents involved the various receivers have been presented. The balun was found 
to have excellent amplitude (better than 0.1 dB) and phase imbalance (better than 1 
degree) and hence satisfying the S matrix that was discussed in chapter 3 which resulted 
in a very high CMRR value (>45 dB). The differential amplifier was designed and tested 
to have a gain of 25 dB over a bandwidth of 100 MHz. It was also found to have a high 
value of input saturation power (>10 dBm). The CMRR of the differential amplifier 
varied from 58 dB to around 15 dB. This variation was modeled in chapter 3 to be related 
to the parasitic reactance.  
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RIN characterization was presented in order to experimentally quantify the 
variation of RIN with various factors. The receivers achieved a noise cancellation of 
around 10 dB and when implemented in the fiber optic hydrophone setup a 10 dB 
improvement in SNR was observed. The predicted noise cancellation using the 
differential detection scheme was verified, however, it was not possible to verify the 
analysis for the balanced homodyne detection due to the instability in the hydrophone 
system.  
It can be seen that the results that have been finally achieved in terms of noise 
cancellation correlates with the design and characterization of the individual receivers. It 
can also be seen that the experimental results match up with the expected analytical 
results. The noise power, after RIN cancellation, is shot noise limited as it was seen in 
table 4.3. A shot noise limited system would also result at low optical power levels 
(optical power <10 dBm) due to the dominance of the noise floor by receiver dark noise 
and due to a low RIN laser (RIN<-157 dB/Hz).  
As it can be seen from figure 4-16, the SNR did not increase at higher optical 
power levels due to the fact that RIN again becomes the dominant term. Through the 
analytical modeling, it was found that this could be attributed to an amplitude imbalance 
of 0.002 which lead to the incomplete noise cancellation that was discussed in the 
conclusion of chapter 3. This incomplete cancellation has resulted in shifting the system 
from being shot noise dominated to being RIN noise dominated at optical power levels 
higher than 26 dBm. 
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Chapter 5: Conclusion and Future work 
 
 
The primary goal of the thesis was to provide noise cancellation in a fiber 
optic hydrophone system using balanced detection. This has been achieved through 
three different receiver configurations. The noise cancellation was found to be highest 
(12 dB) in the case of the balun as opposed to 9 dB in the case of the anti-parallel 
photodiodes and 6 dB in the case of the differential amplifier. This is justified by 
variation in CMRR for the different receivers (i.e., CMRRBALUN > CMRRANTI-PRALLEL 
PHOTODIODES > CMRRDIFFERENTIAL AMPLIFIER).  The balanced receivers have been 
implemented in the fiber optic hydrophone system using differential detection. A 
SNR improvement of approximately 10 dB has been observed using the various 
receivers. This improvement is attributed to the fact that the noise floor is shot noise 
dominated and hence increases by a dB for every dB of optical power as opposed to 2 
dB for every dB of optical power in the case of the RIN dominated noise floor. 
An improvement of sensitivity of the fiber optic hydrophone could be 
obtained in addition to the noise cancellation by providing a homodyne balanced 
receiver. A detailed analysis for the homodyne receiver has been shown in chapter 3. 
In the ideal case, an improvement of 20 dB in the SNR can be obtained.  The practical 
limitations to achieving the ideal condition include phase, amplitude imbalance and 
lack of coherence in the noise. Fine tuning for phase can be performed by varying the 
laser bias current as shown in appendix VIII and amplitude balance can be achieved 
using a high resolution variable attenuator. Since the optical input is from the same 
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source a high degree of coherence is expected. However, in order to implement the 
homodyne balance detection scheme a stable system is required.  
The lack of stability currently present in the hydrophone system can be 
resolved by ensuring that there is no connector mismatch and by using a 1mm 
extruding optical fiber enclosed in a metal jacket. A 500 kHz high pass filter was also 
used at the output of the photodetector in order to eliminate any low frequency 
modulation of the signal due to vibration of the fiber tip. Precautions against 
electromagnetic interference are taken by connection the power outlets off all the 
components to an in-line filter. Once stability is ensured in the system, implementing 
the homodyne balance detection would ensure higher sensitivity along with low noise 
floor. 
Through this thesis, it can be observed that the balun has provided highest noise 
cancellation. Future receiver designs could integrate photodetectors on the same 
substrate in order to try and achieve shot noise correlation and using the balun to 
provide out-of-phase combination. Shot noise correlation would lead to two 
advantages: 
1) Reduced noise floor and hence a much higher SNR (at least 22 dB 
improvement over the ideal case) 
2) Dependence on thermal noise indicates that the SNR would increase by 2 
dB/dB because of the fact that thermal noise does not depend on photocurrent. 
This is even higher (up to 60 dB) than the increase in the ideal case higher. 
 
 
 93
It is also recommended to use a low RIN (-160 dB/Hz), high power (1 W) 
laser which would ensure that the system is shot noise limited. This could also lead to 
a decrease in the noise floor and improvement in SNR and would negate the use of a 
balanced receiver. However, this would be a more expensive option because such 
lasers are not available as off the shelf components. The fact that these lasers need to 
be custom designed would also lead to higher procurement time.  
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Appendix-I: List of Equipment used 
 
Table A1-1shows the list of the measurement equipment used during this work.   
Table A1- 1: List of Measurement Equipment used 
 
Equipment Manufacturer Model Specifications 
Function 
Generator 
Agilent 33250A 
 
80 MHz 
Function/Arbitrary 
Waveform Generator 
Power 
Amplifier 
ENI 3100LA 250 kHz – 150 MHz 
Gain 55 dB 
Digital 
Oscilloscope 
Tektronix TDS2022 200 MHz Bandwidths, 
2 GS/s Sample Rates  
In line filter MFJ 1164B AC line RFI filter. 
120V/25A/3000W max. 
Spectrum 
Analyzer 
Agilent E408A (Mainframe) 20 Hz – 2.4 GHz 
Network 
Analyzer 
Agilent 8712ET 300 kHz – 1.3 GHz 
Laser Eudyna NX 8563LB 1550 nm InGaAsP 
Distributed feedback 
(DFB) laser diode  
EDFA Nuphoton 
Technologies 
FLD5F7CZ Optical gain of 40 dB 
and output power of up 
to 30 dBm 
10 dB 
coupler 
Chip Hope SMSCA223R 2x2 coupler with 10/90 
coupling ratio 
3 dB  
coupler 
Ascentta CP-S-15-50-22-XX-S-L-10-
FA 
2x2 coupler with 50/50 
coupling ratio 
Photo-
Receiver 
Thor Labs PDB130C Sensor InGaAs, 
Bandwidth 150MHz, 
Peak Response 0.95 
A/W @ 1550nm 
High-pass 
filter 
In-house 
(custom-made) 
Custom made. 500 kHz high-pass 
filter. (Appendix II) 
Optical 
isolator 
Ascentta ISILPD55SS9 Single mode, 1550 nm 
isolators  
Metal jacket Newport 
 
FPH-S 
 
Hold 80-200 micron 
diameter fibers using a 
stressless spring-leaf 
assembly 
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Appendix-II: Design and Characterization of High Pass Filter  
 
As mentioned in Chapter 1 a 500 kHz high pass filter (HPF) has been 
designed and implemented in the system in order to filter out spurious low frequency 
components due to the vibration of the sensor tip. The HPF is shown in Figure A2-1 
and the simulation results and experimental results are compared in Figure A2-2.  
4 nF
10 µH                               
                    
Figure A2- 1: 500 kHz HPF 
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Figure A2- 2: Characterization of HPF 
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Appendix-III: Single Detector Noise and SNR Simulations 
 
The modeling presented earlier in chapter 3 has been used to simulate a 
variety of results from the ideal case of balanced detection to its various 
imperfections. It has also been modified to simulate the imperfections of the 
microwave out-of-phase combiner. 
In this section, the model is used to simulate a single detector which has been 
presented in figure 1-1. This is done in two phases; the first is where the effect of the 
coupler is still maintained to indicate the equal split in DC current and the second is a 
more realistic case where the effect of the coupler is negated. 
 
(i) Single Detector: using coupler  
This first case is simulated by switching ‘OFF’ one of the photodiodes but 
using a coupler to obtain equal DC photocurrents on both arms in order to ensure that 
the noise would be comparable to the balanced case. 
This is done by assuming perfect amplitude balance (i.e., coupling 
coefficient, 5.0=ε ) and by switching ‘OFF’ a detector ( WARR /95.0,0 21 == ). 
Figures A3-1 indicates the variation of SNR.  
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Figure A3- 1: Single Detector (50% coupling) Signal to Noise ratio 
 
It can be seen that the SNR is an extremely low value and is not comparable to 
the practically achieved value indicated in section 4.8. This is due to the fact that the 
coupler is still maintained 
(ii) Single Detector: negating effect of coupler 
Negating the effect of the coupler by choosing a high value of coupling 
coefficient (ε =0.99) would present a case closely matched to the single detector 
implementation of the fiber optic hydrophone as shown in figure1.1.  
  The SNR for this case is simulated by assuming a coupling coefficient,ε , of 
 and by switching ‘OFF’ a detector (95.0 WARR /95.0,0 21 == ). The results 
presented in figure A3-2 represent a more closely related case to figure 1-1 than the 
result presented in figure A3-1. The lack of variation in the SNR is due to RIN 
dominance. The SNR of 29 dB is closely related to the practical values indicated in 
section 4.8. 
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Figure A3- 2: Single Detector Signal to Noise ratio (99% coupling) 
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Appendix-IV (a): MABACT0012 Characterization 
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Figure A4- 1: MABACT0012: (a) Phase Imbalance (b) Amplitude imbalance 
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Appendix-III (b): MABACT0036 Characterization 
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Figure A4- 2: MABACT0036: (a) Amplitude Imbalance (b) Phase imbalance 
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Appendix-III (c): MABACT0071 Characterization 
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Figure A4- 3: MABACT0071: (a) Amplitude Imbalance (b) Phase imbalance 
 
 
 110
Appendix-III (d): MABAES0060 Characterization 
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Figure A4- 4: MABAEs0060: (a) Amplitude Imbalance (b) Phase imbalance 
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Appendix-V: OPA 847 Specifications 
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Appendix VI- Physical Layouts for Single and differential ended amplifiers 
 
The physical layouts for the realized circuits in chapter 4 have been presented. 
It can be noticed that the 2 circuits are exactly the same except for the fact that the 
second input is grounded in the case of the single ended amplifier. 
 
 
Figure A6- 1: Single Ended Amplifier layout 
 
 
 
 
Figure A6- 2: Differential Ended Amplifier Layout 
 
 114
Appendix-VII: PDB 130 C Specifications 
 
 
 
 
 
 
 
 
 
 
 
  
115
Appendix-VIII: Phase Control using laser bias current 
 
A shift in the emission wavelength when the bias current of the laser is varied 
is observed using an optical spectrum analyzer. This shift in wavelength is equated to 
a shift in phase for a 1 mm length of fiber. 
l.βφ Δ=Δ , where l is the length of fiber which is assumed to be 1 mm. 
⎟⎠
⎞⎜⎝
⎛ −=−=Δ λ
λλβλ
π
λ
πβ oo
o
22 - indicates the shift in propagation constant (i.e., 
a change in the wavelength). 
Table A8-1 indicates the variation of phase with change in bias current. It 
should be noted that this is calculated with respect to a 1 mm fiber. With increase in 
fiber length the phase shift would increase significantly. 
 
Table A8- 1: Variation of wavelength and Phase with Laser Bias current 
Bias Current (mA) Peak Power 
(dBm) 
Emission Wavelength 
(nm) 
Phase  
(in 
degrees) 
20 -3.60 1548.38 -33.03 
25 -3.75 1548.42 -27.02 
30 -3.60 1548.46 -21.02 
40 -3.50 1548.56 -6.00 
45 -3.50 1548.60 0 
50 -3.40 1548.66 9.01 
55 -3.40 1548.70 15.01 
60 -3.40 1548.75 22.51 
65 -3.20 1548.80 30.02 
70 -3.00 1548.87 40.52 
75 -3.00 1548.92 48.03 
80 -3.00 1548.98 57.02 
 
